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INTRODUCTION 

J 

This is a Final Report of the work accomplished under NASA Con- 

tract No. NASw-395 covering the period from 2 February 1962 through 

2 March 1963. Detailed accounts of the work accomplished during this 

period can be found in the ten GCA technical reports listed in the 

Table of Contents. 

For the purposes of the present publication, the essential data 

have been extracted from the above-mentioned reports and presented in 

summary form with brief analyses when required for completeness. In 

most cases, details are omitted since they are included in the original 

reports for the interested reader. In this format, the highlights of 

the work accomplished under Contract No. NASw-395 can be presented in 

a clear and concise manner. 

The material will be divided into two categories: Section I 

presents summaries of theoretical work, whereas Section I1 presents 

summaries of experimental work accomplished under the present contract. 

. 
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SECTION I - THEORETICAL 

SUMMARIES OF WORK ACCOMPLISHED UNDER CONTRACT NO. NASW-395 
AND PREVIOUSLY PUBLISHED AS GCA TECHNICAL REPORT NUMBERS 

62-5-N, 62-2-N, 62-ll-N, 62-14-N, 62-15-N AND 63-2-N 

I n  t h i s  s e c t i o n ,  r a t h e r  comprehensive summaries of  
p rev ious ly  publ ished GCA Technical  Reports  are g iven .  
Included i n  these  summaries are t h e  p e r t i n e n t  t a b l e s ,  
f i g u r e s ,  and d a t a .  Br ie f  ana lyses  are a l s o  given so  
t h a t  t h e  r e p o r t  i s  a b l e  t o  s t and  on i t s  own. To 
i n d i c a t e  the  d e t a i l  and scope o f  work covered i n  t h e  
o r i g i n a l  r e p o r t s ,  i n  each case  t h e  summaries are pre-  
ceded by (1) t h e  o r i g i n a l  T i t l e  Page, (2)  t h e  o r i g i n a l  
Table o f  Contents ,  and (3)  miscel laneous items such as 
a b s t r a c t s ,  l i s t s  of  f i g u r e s ,  e t c .  

. 
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ABSTRACT 

The transmission curve of the Martian atmosphere derived by 8pik 

is compared with transmission curves of an atmosphere containing various 

amounts of nitrogen dioxide. It is found that the amount of 6x10 cm - 18 2 

column NO2 (or even less) given by Sinton as an upper limit for the 

Martian NO content could adequately explain the phenomenon of the blue 

haze. This finding made it worthwhile to investigate the effect of the 
2 

temperature and pressure sensitive equilibrium 2 NO2+ N204 upon the 

total NO 2 

and N2O4* 

273'K, 243'K, 213'K and 183'K and for three different temperature dis- 

content and the altitude-number density distributions. of NO2 

Computations were carried out for surface temperatures of 

tributions. The discussion of the results leads to the suggestion of 

several important new experiments. 
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. 
NO2 IN THE MARTIAN ATMOSPHERE 

P. Warneck and F.F. Marmo 

SUMMARY 

I INTRODUCTION 

The Martian atmosphere becomes increasingly optically dense in going 

from the red to the blue portion of the visible spectrum. This gfves 

rise to the so-called Martian blue haze. In addition, this haze occa- 

sionally disappears to reveal the surface markings of Mars; this is called 

a "blue clearing". 

satisfactorily explained. Recently, some attention has been given to the 

role of NO 

The blue haze and blue clearing have not as yet been 

in the Martian atmosphere and its relationship to these phe- 2 

18 Recent IR measurements indicate an upper limit NO content of 6x10 2 

cm -column. In the present work, a new NO -content upper limit is estab- 

lished by employing absorption cross sections in the visible region below 

5000 A. In addition, with this limit the physical-chemical behavior of 

the NO2 - N 0 system is given detailed attention in order to derive the 
variation of NO2 content with respect to reasonable Martian temperatures 

and pressures. 

are suggested, 

2 
2 

2 4  

On the basis of this study, some definitive experiments 

1 



11. COMPUTATIONS OF NO2' N204 NUMBER DENSITIES W I T H  ALTITUDE 

The amount of NO on Mars and the distribution of NO - N 0 with 2 2 2 4  

altitude depends strongly on the assumed thermal structure of the Martian 

atmosphere. Thus, computations were carried out considering three cases: 

(a) An isothermal atmosphere; 

(b) A linear temperature decrease according to an adiabatic 
lapse rate of 3.7'K per krn up to a tropopause at 12 km 
with an isothermal atmosphere above that level; and 

(c) Similar to (b) with the tropopause at 24 km. 

The system studied can be written as  

2N02+ N204 

The equilibrium constant 
c) 

kTn; 9 -13693/4.576~T K = - -  - 1.58~10 x10 
2 n 

The integrated amount of NO remains 2 
03 W 
n n 
nldz + 2J n2dz = 

0 0 

constant so that 

C = 6~10'~ cm*-column (3 )  

[after Sinton (3)] 

For the models assumed, the following expressions were derived to show 

the variation of the number density of NO2 with altitude: 

"1 - 4kT (4) 

2 



for that portion of the atmosphere with a linear temperature decrease 

whereas for the isothermal part, one can write 

8kTn* 1 + -  nl - 4kT K 

where 

k = Boltzmann's constant 

n =combined number density (NO and N 0 

n =number density of NO2 

H =scale height at the surface 

H = scale height 

0 2 2 4  

1 

0 

0 E where p = 3.7 K per km T B =  

n*=number density at the tropopause 

H*=scale height at tropopause 

(5) 

at the surface) 

and z = altitude 

Equations (4) and (5) were evaluated for several cases; the results are 

summarized in Figures 1, 2 ,  3 ,  4 ,  and 5.  

3 



12 

I O  

8 

6 

4 

2 

0 

O I C 6 2  - 6 5 0 P  

- A Isothermal Atmosphere 
8 3.7" Lapse Rate, Tropopause 12 ( k m )  

- C 3.7O Lapse Rate, Tropopause 24 ( k m )  

100 200 300 

TEMPERATURE ( O K )  

400 

Figure 1. Variation of Total NO Content of Mars with Surface 
2 Temperature. 

4 



, 

O I C 6 2 - 6 2 0 P  m 

_. 0"\ 

/' \ /// \ 
\ 

0 
le 

\ 
\ 

\ 

0 * 

5 



n 

E 
Y 

W 
0 
3 
I- 

k- 
-I 
Q 

Y 

- 

48 

40 

32 

24 

16 

8 

0 

O I C 6 2  - 6 6 0 P  

0, 

9 IO I I  12 13 

LOG NUMBER DENSITY ( ~ r n - ~ )  
I O  

Figure  3 .  D i s t r i b u t i o n  o f  NO2 - N 2 0 4  w i t h  A l t i t u d e  f o r  

Broken Curves: Tropopause a t  2 4  km. 

0 
= 243  K .  So l id  Curves: Tropopause a t  12 km. 

TO 

j 

I 
.I 

i 

6 



O I C 6 2  - 6 3 0 P  

I I I 

0- / / / 0 7 & 0' 
0 - 

I 

I 
I 

0 
e 

cu 
m 

a, 0 

7 



n 

E 
x 
Y 

w 
D 
3 
I- 
t- 
-I 

- 
a 

48 

40 

3 2  

2 4  

16 

8 

0 

O I C 6 2  - 6 4 0 P  

- 

- 

- 

I1c 

- 
- 

8 9 IO I I  12 13 

NUMBER D E N S I T Y  (crno3)  LOG, 0 

Figure 5. Distribution of NO - N 0 with Altitude for To = 183°K. 2 2 4  
Solid Curves: Tropopause at 12 km. 
Broken Curves: Tropopause at 24 km. 

i 

1 

I 

8 

! 



111. DISCUSSION OF RESULTS 

On the basis of the results shown in the figures it was concluded: 

(1) The hypothesis of  Kiess et al, could be rejected, 

(2) 
2 An NO 

compagible with the results of Sinton,(3) 
content as high as 6 ~ 1 0 ' ~  cm -column is 

( 3 )  On the basis of the calculated variation of the 
content, the following experiment was suggested: 

The absorption strength of the 3 , 4 3  micron band 
should be monitored before, during, and after a 
blue clearing to determine whether or not this 
event can be associated with Martian NO2 deple- 
tion, 

If no variation is observed, then it appears 
that the NO hypothesis must be rejected, 

On the other hand, an observed variation would 
then make it worthwhile to search for addi- 
tional absorption bands due to N 0 

If such bands are discovered, it would be worth- 
while to compare the absorption intensity ratios. 

2 

2 4 "  

To make simultaneous, independent measurements of 
the Martian atmosphere to check and find out if 
the observed NO depletion can be due to tempera- 2 ture variations. 

If the measurements in (d)  and (e) are found to 
be not self-consistent, it is evident that the 
NO depletion cannot be ascribed solely to 
temperature variations but rather are caused 
by other depletion mechanisms; i.e., solar photo- 
decomposition. 

2 

9 



REFERENCES 

I)  

1. E, J. Opik, J, Geophys. Res, 65, 3057 (1960), 

2. C. C. Kiess, S, Karrer and H. K, Kiess, Pub, A.S,P, 72, 256 (1960)'  

3. W. M, Sfnton,  Pub. A.S.P. 73, 125 (1961). 

10 



GCA Technical Report No. 62-2-N 

PLANETARY AERONOMY 111: 

DETERMINATION OF ATMOSPHERIC PARAMETERS 
BY THE USE OF ROCKET-BORNE 

MASS SPECTROMETERS 

R.F.K. Herzog, F.F. Marmo, R.A. Minzner 
and G.O. Sauermann 

July 1962 

Contract No. NASw-395 

Prepared for 

Natsonal Aeronautics and Space Administration 
Headquarters 

Washington 25, D. C. 

t 

! 

GEOPHYSICS CORPORATION OF AMERICA 
Bedford, Massachusetts 



TABLE OF CONTENTS 

_.  
r-. 
I 

Sect ion 

I 

I1 

I11 

IV 

V 

VI 

Title Page 

1 INTRODUCTION . . . . . . . . . . . . . . . . . . .  

4 THEORETICAL ANALYSIS . . . . . . . . . . . . . . .  
A. General Remarks . . . . . . . . . . . . . . .  4 
B. Dynamic Properties of the Atmosphere . . . . .  5 
C. Thermodynamic Properties of the Atmosphere . . 13 

1. 

2. Dual Gas Relation Between Number 

Single Gas Relation Between Number 
Density and Temperature . . . . . . . . .  15 

Densities and Temperature . . . . . . . .  19 

ANALYSIS OF A HYPOTHETICAL EXPERIMENT . . . . . .  20 

A: General Remarks . . . . . . . . . . . . . . .  20 
B. Atmospheric Dynamics . . . . . . . . . . . . .  20 
C. Atmospheric Thermodynamics . . . . . . . . . .  22 
D. Indirect Determination of the Mean Molecular 

Weight - Altitude Profile . . . . . . . . . .  25 

INSTRUMENTATION . . . . . . . . . . . . . . . . .  27 

APPENDIX: SIMPLIFIED VERSION OF THE EXPERIMENT 
PREVIOUSLY DESCRIBED . . . . . . . . . . . . . . .  32 

. . . . . . . . . . . . . . . . . . . . .  SUMMARY 33 

REFERENCES . . . . . . . . . . . . . . . . . . . .  35 

i 



DETERMINATION OF ATMOSPHERIC PARAMETERS 
BY THE USE OF ROCKET-BORNE 

MASS SPECTROMETERS 

R. F. K. Herzog, F.  F. Marmo, R .  A .  Minzner 
and G .  0 ;  Sauermann 

SUMMARY 

I INTRODUCTION 

The knowledge of s p e c i f i c  thermodynamic and hydrodynamic parameters 

i s  r e q u i r e d  i n  the  s tudy of almost any phase of chemical aeronomy i n  t h e  

upper atmosphere. Accordingly,  t h i s  h ighe r  r eg ion  has  been the  t a r g e t  

of s e v e r a l  d e t a i l e d  recent s t u d i e s .  It i s  n o t  t he  purpose of t he  

p r e s e n t  paper t o  review o r  e v a l u a t e  these  s t u d i e s .  However, i t  should 

be noted t h a t  t h e  p r e s e n t  s t a t e  of knowledge suppor t s  s e v e r a l  d i f f e r e n t  

c o n t r o v e r s i a l  p o i n t s  of view. This  r e p o r t  d e s c r i b e s  an  experiment 

designed s p e c i f i c a l l y  t o  determine some of the more important atmos- 

p h e r i c  parameters .  I n  t h e  proposed experiment,  a mass spectrometer  

w i l l  o b t a i n  number d e n s i t y - a l t i t u d e  p r o f i l e s  f o r  helium and argon.  

Argon measurements have been s u c c e s s f u l l y  performed from sounding 

r o c k e t s  i n  t h e  p a s t ( 2 )  and no p r i n c i p a l  d i f f i c u l t y  i s  expected h e r e .  

On the  o t h e r  hand, helium measurements, a l t hough  t r i e d ,  have n o t  been 

performed s u c c e s s f u l l y  as y e t  due t o  the  low r e l a t i v e  concen t r a t ion  of 

helium i n  t h e  homosphere. For example, s i n g l e - s t a g e  mass spectrometers  

are n o t  capable  of a n  a c c u r a t e  helium de te rmina t ion  even i n  a i r  a t  

ground l e v e l  s i n c e  t h e  background around the helium peak i s  excess ive ly  

1 
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+ 
h i g h .  This  background is  caused by heavy p a r t i c l e s  (N +, 0 

are s c a t t e r e d  on the  n e u t r a l  gas molecules i n  the  a n a l y z e r .  

) which 2 2 

Recent ly ,  an  experimental  s tudy  was conducted as p a r t  of Con t rac t  

NASw-25 t o  determine the  f e a s i b i l i t y  of ob ta in ing  a c c u r a t e  helium 

measurements. For t h i s  purpose a s p e c i a l  mass spectrometer  was designed 

and b u i l t  which c o n s i s t e d  of two ana lyze r  s t a g e s  and was equipped wi th  

an e l e c t r o n  m u l t i p l i e r  as an  ion  d e t e c t o r .  The background was suppressed 

and the e l e c t r i c a l  n o i s e  was made s u f f i c i e n t l y  low that i t  was p o s s i b l e  

t o  d e t e c t  helium a t  par t ia l  p r e s s u r e s  as low as 3 x 10 t o r r .  Based 

on these  promising r e s u l t s ,  a p ro to type  f l i g h t  model was cons t ruc t ed  

and adap ted ,  geomet r i ca l ly ,  t o  t h e  nose cone of a n  Aerobee-Hi r o c k e t .  

The performance of t h i s  instrument  i s  desc r ibed  i n  d e t a i l  elsewhere 

and i s  shown i n  Figure 1. It is  capable  of measuring the helium number 

d e n s i t y  a c c u r a t e l y  as  w e l l  as the  t o t a l  atmospheric d e n s i t y  f o r  con- 

d i t i o n s  which correspond t o  a l t i t u d e s  g r e a t e r  t han  the peak h e i g h t  of 

t he  Aerobee-Hi r o c k e t .  

- 13 

(3)  

A ve ry  important c o n s i d e r a t i o n  f o r  t he  des ign  of t he  experiment 

i s  t h e  c o r r e l a t i o n  of ambient d e n s i t y  and the  p a r t i a l  p r e s s u r e  i n  the  

mass spectrometer  ion source ;  t h i s  a s p e c t  i s  d i scussed  i n  the o r i g i n a l  

, r e p o r t  and n o t  r epea ted  h e r e .  Assuming the  a v a i l a b i l i t y  of a s u i t a b l e  

c a l i b r a t e d  instrument  a n  a d d i t i o n a l  s tudy  was performed t o  a s c e r t a i n  

the  va lue  of u t i l i z i n g  t h i s  type of probe f o r  t h e  de t e rmina t ion  of 

s e v e r a l  atmospheric dynamic and thermodynamic p r o p e r t i e s .  The r e s u l t s  

2 





I 

were promising in that it: was found that information can be obtained 

for the following phenomena: (1) the beginning of the mictopause 

region; (2 )  the definition and altitude range of the transition region 

(between complete mixing and diffusive equilibrium;’(3) separation 

effects in the region of complete diffusive equilibrium; ( 4 )  an approxi- 

mate determination of the absolute temperature for the region of the 

atmosphere which is mixed; (5) an improved determination of the absolute 

temperature for the region of the atmosphere in diffusive equilibrium; 

and finally (6) the several thermodynamic properties associated with 

atmospheric temperature, composition, and number densities, It may 

be noted that Items 1, 2 and 3 can be associated with the dynamic 

properties of the upper atmosphere (winds) whereas Items 4 ,  5 and 6 

can be classified as thermodynamic properties. In the original report 

each of these areas is discussed individually. 

4 



11. DYNAMIC AND THERMODYNAMIC PROPERTIES OF THE EARTH'S ATMOSPHERE 

A .  DYNAMIC PROPERTIES OF THE ATMOSPHERE 

The E a r t h ' s  atmosphere i s  w e l l  mixed below the  s o - c a l l e d  

mictopause l e v e l  which i s  assumed t o  be loca ted  a t  a n  a l t i t u d e  between 

100 and 160 km. 

p o s i t i o n  information,  deduce a mictopause l e v e l  between 110 and 120 km. 

From the  s u r f a c e  up t o  t h e s e  a l t i t u d e s ,  t he  r e l a t i v e  helium concentra-  

t i o n  i s  e s s e n t i a l l y  c o n s t a n t  (5 .24 x 10 ) s o  that the  helium p a r t i a l  

p r e s s u r e  p r o f i l e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  t o t a l  p r e s s u r e .  Above 

t h i s  level ,  g r a v i t a t i o n a l  s e p a r a t i o n  causes  the p a r t i a l  p r e s s u r e  of 

helium t o  decrease much slower than  t h e  t o t a l  p r e s s u r e .  This  s e p a r a t i o n  

e f f e c t  and i t s  r e l a t i o n  t o  aeronomy has been d i scussed  by N i c o l e t  

who has  shown t h a t  t o  o b t a i n  t h e  t h e o r e t i c a l  d e n s i t y  p r o f i l e  f o r  helium, 

assumptions have t o  be made about  the he igh t  of the mictopause ( t h e  

s e p a r a t i o n  l e v e l ) .  A c t u a l l y ,  t he  t r a n s i t i o n  from mixing t o  d i f f u s i o n  

i s  g radua l  and wi thou t  sha rp  boundaries ,  Accordingly,  measurement of 

the helium d e n s i t y  p r o f i l e s  f o r  a l t i t u d e s  up t o  250 km ( e . g .  from an  

Aerobee-Hi r o c k e t )  can y i e l d  information on the  l o c a t i o n  and n a t u r e  of 

the mictopause r eg ion  and the  corresponding helium d e n s i t i e s  a t  much 

g r e a t e r  a l t i t u d e s .  

For i n s t a n c e ,  Meadows and Smith(2) c o l l e c t i n g  com- 

-6 

(4) 

I n  a d d i t i o n  t o  the  above, i t  has been shown t h a t  t he  time 

c o n s t a n t  t o  e s t a b l i s h  d i f f u s i v e  e q u i l i b r i u m  i n  t h e  atmosphere i s  small. 

5 
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For example, P .  Mange(’)--based on s t u d i e s  of Maris,(6) Eps te in ,  (7) 

and Sut ton(8)--has  c a l c u l a t e d  t h e  r a p i d i t y  of d i f f u s i o n  i n  the  atmos- 

phere.  From the  r e s u l t s  i t  can be deduced t h a t  t he  changes of the 

helium d e n s i t y  p r o f i l e  a t  high a l t i t u d e s  can be c o r r e l a t e d  w i t h  t h e  

t i m e  v a r i a t i o n  of mictopause l e v e l .  Previous works have shown(9) t h a t  

t he  r eg ion  above 800 km ( b u t  below about 2000 km) probably c o n s i s t s  

mainly of atomic oxygen and helium wi th  t h e i r  r e s p e c t i v e  d e n s i t i e s  

s u b j e c t  t o  g r e a t  changes due t o  v a r i a t i o n s  of t he  temperature ,  micto-  

pause l e v e l ,  t u rbu lence ,  e t c .  For example, t he  atomic-oxygen-al t i tude 

p r o f i l e  is ve ry  temperature s e n s i t i v e  (and n o t  mictopause l e v e l  s e n s i -  

t i v e ) ,  whereas the  helium p r o f i l e  i s  mictopause l e v e l  s e n s i t i v e  ( b u t  

no t  v e r y  temperature s e n s i t i v e ) .  Accordingly,  as a r e s u l t ,  a t  v e r y  

h igh  a l t i t u d e s  (about  1600 km where helium outnumbers the  oxygen), t he  

d e n s i t y  of the atmosphere i s  p r a c t i c a l l y  determined by phenomena which 

take p l a c e  i n  the  r eg ion  between 100 and 150 km. I n  t h i s  r ega rd ,  sodium 

measurements by E .  Manring (lo) show t h a t  i n  the  r eg ion  between 80 and 

120 km, s t r o n g  and i r r e g u l a r  winds wi th  s h i f t i n g  v e l o c i t i e s  occur which 

sugges t s  t h a t  t he  mictopause level i s  s u b j e c t  t o  cons ide rab le  f l u c t u a -  

t i o n .  On the  o t h e r  hand, i n  t h e  r eg ion  between 400 and 1000 km, where 

the  atmosphere c o n s i s t s  mainly of oxygen atoms, l a r g e  d e n s i t y  changes 

occur due t o  h e a t i n g  e f f e c t s .  

The previous d i s c u s s i o n  has made c l e a r  t he  importance of l o c a t i n g  

the  mictopause l e v e l .  I n  p r a c t i c e ,  t h e r e  probably e x i s t s  a t r a n s i t i o n  

r eg ion  r a t h e r  than a sha rp  l e v e l .  D i f fus ive  s e p a r a t i o n  should become 
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appa ren t  as the probe ope ra t e s  somewhat above 100 km. I n  t h i s  r eg ion ,  

t he  s e p a r a t i o n  r a t i o ,  r ,  can be determined by d i v i d i n g  the r a t i o  argon- 

to-helium number d e n s i t y ,  as measured during the f l i g h t  a t  a p a r t i c u l a r  

a l t i t u d e ,  by t h e  c a l i b r a t i o n  r a t i o  of argon-to-helium number d e n s i t y  

f o r  normal, mixed, ground-level  a i r .  I n  o t h e r  words, f o r  r = 1, no 

d i f f u s i v e  s e p a r a t i o n  i s  p r e s e n t ;  f o r  r = 0 ,  s e p a r a t i o n  i s  complete. 

Seve ra l  i n v e s t i g a t o r s ( 2 )  have probed the  argon-ni t rogen r a t i o  as a 

f u n c t i o n  of a l t i t u d e .  The c u r r e n t  experiment i s  analogous t o  these  

except t h a t  i n  t h i s  c a s e ,  t h e  argon-to-helium number d e n s i t y  r a t i o  i s  

employed . 

The simple theory shows t h a t  t he  s e p a r a t i o n  r a t i o  behaves 

according t o  

r = exp (-h/H1) 

where 

RT - - 
H1 g(M*-M) ’ 

and 

r = s e p a r a t i o n  r a t i o  

h = a l t i t u d e  i n t e r v a l  above mictopause l e v e l  

R = u n i v e r s a l  gas cons t an t  

T = average a b s o l u t e  temperature in  i n t e r v a l  h 

g = average l o c a l  va lue  of g r a v i t y  i n  i n t e r v a l  h 

M*= mais number of heavy gas ( i . e . ,  argon) 

M = mass number of l igf t t  gas ( i . e . ,  hel ium).  

7 



The use of helium i n  p l a c e  of n i t r o g e n  i n  the proposed experiments 

r e s u l t s  i n  a r a t i o  of molecular weights ( t h e r e f o r e ,  s c a l e  h e i g h t s )  

of 10 compared wi th  less than 1.5 f o r  t he  case of n i t r o g e n .  

f a c t o r  w i l l  a i d  i n  a more a c c u r a t e  and s e n s i t i v e  de t e rmina t ion  of t he  

h e i g h t  of t he  beginning of d i f f u s i v e  s e p a r a t i o n .  

out  that al though previous i n v e s t i g a t i o n s  have i n d i c a t e d  the  beginning 

of t he  d i f f u s i o n  l e v e l ,  none have s u c c e s s f u l l y  de f ined  the r eg ion  i n  

which complete d i f f u s i v e  equ i l ib r ium p r e v a i l s .  Much of t he  d i f f i c u l t y  

was due t o  t h e  f a c t  t h a t  n i t r o g e n  was one of t he  gases  probed. Accord- 

i n g l y ,  i t  becomes d i f f i c u l t - - i f  n o t  impossible-- to  c o r r e l a t e  t he  peak 

h e i g h t s  a g a i n s t  t he  ambient n i t r o g e n  con ten t  due t o  chemical r e a c t i v i t y ,  

pho to - ion iza t ion ,  i n s t rumen ta l  d i s s o c i a t i o n ,  e t c .  These d i f f i c u l t i e s  

a r e  minimized i n  the  p r e s e n t  probe. 

This 

It may be pointed 

B .  THERMODYNAMIC PROPERTIES OF THE ATMOSPHERE 

The knowledge of t he  temperature p r o f i l e  (i  . e .  , t he  

temperature d i s t r i b u t i o n  w i t h  h e i g h t )  i s  of g r e a t  importance f o r  

t h e  proper  i n t e r p r e t a t i o n  of many p h y s i c a l  e f f ec t s  i n  any p l a n e t a r y  

atmosphere and f o r  t he  understanding of t he  mechanism involved.  I n  

p a r t i c u l a r ,  even small changes i n  the  t e m p e r a t u r e ' p r o f i l e  can have 

cons ide rab le  accumulative e f f e c t s  on t h e  p r e s s u r e  and d e n s i t y  d i s -  

t r i b u t i o n  which, i n  t u r n ,  can a f f e c t  t he  e n t i r e  aeronomy of t h e  upper 

atmosphere.  Accordingly,  t h e  temperature ,  and the  manner i n  which 

temperature v a r i e s  w i t h  h e i g h t ,  i s  one of t h e  most important b a s i c  
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parameters associated with many other physical properties of an 

atmosphere. Thus, temperature measurements have been attempted 

by several investigators who have employed "pressure" measuring 

devices and have obtained T/M ratio values. In the present experi- 

ment, T is measured explicity by employing the mass spectrometric 

techniques described. 

In the following there will first be developed (1) a series 

of equations relating upper atmospheric number densities with tempera- 

tures. The application of these equations results in a temperature 

determination at one altitude only if the temperature is known or 

estimated at some reference altitude, Further development yields ( 2 )  

a dual gas equation in which the requirement for a known reference 

temperature is eliminated but the experimental requirement is corres- 

pondingly increased. 

1. Single Gas Relation Between Number Density and Temperature 

To derive the general equation for a number density- 

temperature relation, the differential equation relating the density, p ,  

to the hydrostatic pressure, p, is a good starting point: 

where g denotes the acceleration of gravity and z is the geometrical 

altitude. For convenience, the entire calculations will be made in 

9 



! 

. 

. 

terms of geopotential altitude, h, which eliminates the necessity to 

account for changes in the acceleration of gravity with altitude. The 

transformation from a geometrical altitude element, dz, into a geo- 

potential altitude element, dh, can be made so that Equation (2)  may 

be written as 

Use of the well-known relation P = nkT, derived from the 

universal gas law, results in 

d(nT) = - i; 1 G P dh (4) 

Substituting p = nm and m/k = M/R yields 

a 
"aTa - "bTb =-y/, nd h  

which equation can be solved for T and/or T explicitly: b a 
n a a n 

Jb - dh b n Tb = ; Ta + 
a 

T = - T b - f  "b lb -dh n a n  n a a 

(5) 

(7) 

where a and b refer to upper and lower altitude, respectively. 
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Equations ( 6 )  and ( 7 )  may be referred to as "single gas" equations 

since they are applicable to each individual number density profile. 

It should be remarked that the density ratios of Equations ( 6 )  and (7) 

can be measured directly, whereas the reference temperature T 

have to be estimated or obtained by other means. Accordingly, even 

if accurate density measurements for a single gas were made, a measure- 

ment of the temperature at either altitude could not be accurately 

obtained without the knowledge of the corresponding reference temperature. 

b and T a 

2 .  Dual Gas Relation Between Number Densities and Temperature 

The need for a reference temperature can be eliminated 

by substitution from expressions (6) and (7) to yield the following 

corresponding relationships: 

- - 1 a %dh-M[tdh] a 

Tb n*/n* b a  - nb/na R 

1 G = 
Ta na/nb - n*/ng E a 

(9) 

Here, for clarity, the values designated by an asterisk refer to the 

heavy gas measurements, whereas the others refer to the light gas 

measurements. Since the measurements described in this report yield 

simultaneous measurements of the number densities of both the heavy 

and light gas with altitude, Equations (8) and (9) are applicable to 
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t he  d a t a .  Thus, Equations (8) and (9 )  show t h a t  a temperature 

de t e rmina t ion  is  now made a v a i l a b l e  without  the n e c e s s i t y  of invoking 

o r  knowing some r e f e r e n c e  temperature .  The a p p l i c a t i o n  of Equations 

(8) and (9)  w i l l  be demonstrated i n  the next  s e c t i o n  which employs 

d a t a  from a h y p o t h e t i c a l  experiment t o  a i d  i n  the  d i s c u s s i o n .  
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111. ANALYSIS OF DATA FROM A HYPOTHETICAL EXPERIMENT 

A. GENERAL REMARKS 

In this section the usefulness of the dual gas method will be 

demonstrated by applying it to some numerical data. However, since no 

experimental data are available yet, it was necessary to generate some- 

what realistic data based on atmospheric parameters discussed in the 

Proposed 1961 Revision of U . S .  Standard Atmosphere. In addition, 

it was assumed that a mictopause level exists at 100 km with a 10 km 

transition region between 95 and 105 km. For the purpose of further 

discussion of this hypothetical experiment, it is assumed that primary 

data reduction difficulties have been either eliminated or accounted 

for. 

shown in Figures 2 and 3 .  

density-altitude behavior of helium and the ambient, whereas Figure 3 

shows the analogous data in which both helium and argon are measured. 

Typical presentation of the final data could correspond to those 

Figure 2 shows the "measured" relative number 

Further discussion of these data can more conveniently be accomplished 

in two parts: 

mination and atmospheric thermodynamics. 

(1) determination of atmospheric dynamics and (2) deter- 

B. ATMOSPHERIC DYNAMICS 

The data in Figures 2 and 3 can be presented to detect the 

beginning of diffusive separation in order to define the mictopause 

level and the transition region. This is shown in Figure 4 .  The figure 

13 
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F i g u r e  2. Experimental  measureiwnts of the r e l a t i v e  number d e n s i t y  of 
helium arid ambient  a i r  hetweell  100 altd 250 Itm. 
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Figure 3 .  Experimental measurements of the r e l a t i v e  number dens i ty  of 
helium, argon and ambient a i r  between 100 and 250 km. 
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indicates the presence of a transition region from 95 to 105 km. Pre- 

vious investigators have obtained similar information. However, the 

present method has the following unique advantages: (a) the mass ratio 

between argon and helium is 10 (as compared to only 1.5 for argon and 

nitrogen); (b) the noble gases do not participate in any chemical inter- 

actions; (c) the effect of ionization is negligible even at high altitudes; 

(d) no instrumental difficulties need be attributed to different ionization 

efficiencies; and finally (e) since no changes in composition of these 

species can occur, the atomic weights are constant throughout the entire 

altitude regime. Item (e) makes available an additional piece of informa- 

tion of considerable importance. 

of number density scale heights for helium and argon at various altitudes, 

the regions of perfect mixing, partial mixing, and complete diffusive 

equilibrium should be made evident. 

Specifically, ,by determining the ratio 

For example, for the region of per- 

fect mixing, a ratio of 1 should prevail. 

throughout the transition region until gravitational separation is com- 

plete and a value of 10 will be obtained, 

Figure 5. 

for application of the entire method to the thermodynamic characteristics 

of the atmosphere. 

This value should increase 

This behavior is shown in 

This information is of prime importance since it is required 

C. ATMOSPHERIC THERMODYNAMICS 

The data shown in Figure 2 and 3 can be employed for the deter- 

mination of Tb and/or Ta by Equations (8) and (9) for the region in which 
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Figure  5 .  Number d e n s i t y  s c a l e  h e i g h t s  r a t i o  for helium-argon 
a t  d i f f e r e n t  a l t i t u d e s .  

18 



diffusive equilibrium prevails (see Figure 5). For example, for an 

Aerobee-Hi experiment the altitude region is between about 150 km and 

250 km. For obtaining optimum temperature measurements, the following 

sequence of computation steps can be suggested: 

250 km) by means of Equation (9) from the measured number density profiles 

of helium and argon (recall that the quantities designated by an asterisk 

refer to heavy gas); (b) employ this T -value as the reference tempera- 

ture in Equation (6) to calculate an accurate value of Tb for all altitudes 

for which good density data have been obtained; and finally (c) the employ- 

ment of this T -value as the reference temperature Tb in Equation (7) permits 

an upward extension of the temperature profile for all altitudes for which 

reliable helium density data have been obtained. This procedure should 

result in the determination of an accurate temperature-altitude profile. 

The procedure outlined is valid but does not consider the effect of instru- 

mental error. In the real case, of course, experimental errors are involved 

which a more realistic approach must recognize and take account for. 

(a) calculate Ta (at 

a 

2 

a 

It is interesting to note that Ainsworth et al. (I2) have dis- 

cussed the possible existence of temperature maxima and minima in the 

lowest atmosphere. 

of value in the determination of relatively small temperature perturba- 

tions in confined regions of the atmosphere. This is so because above 

about 150 km, the helium partial pressure is very insensitive to altitude. 

For example, within a 10 km range, the pressure can be considered constant. 

The helium number density profile data can also be 

1 
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Accordingly, any small perturbations due to local heating would be 

directly reflected as perturbation in the helium number density which 

should be more easily detected since the slope of the helium partial 

pressure profile is extremely small. 

D. INDIRECT DETERMINATION OF THE mAN MOLECULAR WEIGHT - ALTITUDE 
PROFILE 

In addition to the determination of helium and argon number 

density explicitly, the particular mass spectrometer under consideration 

also measures total ion current (see Figures 2 and 3 ) .  This corresponds 

to the output of an ionization gauge, and can be correlated with fair 

accuracy to the total number density which can be used to compute the 

mean molecular weight, M. Thus, 
- 

where 

- n is the total number density. 

From Equation ( 4 ) :  

dT 
dh The two-gas method yields the values for T, - to substitute along with 

the experimental values of E. 

molecular weight, can be determined. 

Accordingly, a value for E, the mean 

20 



IV. SIMPLIFIED VERSION OF THE EXPERIMENT PREVIOUSLY DESCRIBED 

Instead of using helium and argon density measurements, it is 

possible to use helium and air density measurements as long as the com- 

position of the air does not change much. This is probably true up to 

altitudes of about 190 km where the mean molecular weight has dropped 

only about 7 percent according to measurements by Meadows and Townsend. (13) 

It can be expected also that the ionization gauge sensitivity stays 

essentially constant up to this altitude. Therefore, the total ion 

current readings of the helium mass spectrometer described before can 

be used to compute the ambient total number density. It is expected 

that above about 160 km, contamination of the air due to rocket out- 

gassing becomes more and more important, Reliable total density measure- 

ments will be obtained probably between 90 and 160 km. 

altitude range, the method described in this report is still applicable if 

the heavy gas is air (see Figure 2) instead of argon and an average value 

of the mean molecular weight for the particular altitude range is used. 

In fact, the present prototype instrument which has been developed 

would be adequate for such an experiment. 

Within this limited 

(3)  
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v. SUMMARY 

This report contains a description of an experimental technique for 

obtaining various hydrodynamic and thermodynamic properties of the upper 

atmosphere. 

mass spectrometers capable of simultaneously measuring the number density- 

altitude relation of helium and ambient air in one instrument, and argon 

and ambient air in the other. Brief reviews were given of the instru- 

mentation and of the theoretical analysis to be employed in the present 

experiment. In addition, a typical data analysis has been performed on 

the data from a hypothetical experiment. 

mental" data yielded information on the following: 

detection of the beginning of diffusive separation in the upper atmosphere; 

(2) a measure of the degree of diffusive separation in the transition 

region; ( 3 )  the location above which complete diffusive separation pre- 

vails; ( 4 )  an improved temperature-altitude profile from the beginning 

of diffusive separation up to extremely high altitudes; (5) determination 

of the temperature in the upper part of the mixed region of the atmosphere; 

This could be accomplished by employing two rocket-borne 

The analysis of the "experi- 

(1) the location and 

(6) the possibility of detecting small perturbations of upper atmpspherfc 

temperature in local regions; and (7) a determination of the variation of 

mean molecular weight of the ambient air in the heterosphere. 

be noted here that in the present case, the temperature is determined 

explicitly (not the ratio of T/M). 

altitude is determined with fair accuracy. This now makes it possible to 

determine those thermodynamic properties which depend upon the explicit 

It should 

In addition, the variation of M with 

2 2  



knowledge of T and M. These include molecular volume, mean free path, 

and collision frequency. 

A simplified experiment is described in Section IV which requires 

only one mass spectrometer and can provide useful data for a limited 

altitude range of the Earth's atmosphere. 
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ABSTRACT 

Detailed calculations are described of the rate of 
heating of the ambient electrons arising from solar ultraviolet 
radiation and it is shown that the resulting difference between 
the electron temperature and the gas temperature at noon in b 
quiet ionosphere may reach a maximum value lying between 800 K 
and 1500°K at an altitude near 200 km but that the difference 
vanishes below about 120 km and above about 400 km. This is 
in accord with the analysis of the observational data by Bauer 
and Bourdeau which can therefore be explained as due to the 
direct action of solar ultraviolet radiation and it is unnec- 
essary to postulate the existence of electric fields. 
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and to electrons (dashed line) for electrons of various 

energies above 20 eV moving in the model atmosphere with 

T (43) = 1000°K. 

Rates of energy loss to neutral petticlee (solid lines) 

and to electrons (dashed line) for electrons of various 

energies above 20 eV moving in the model atmosphere 
with T (00) = 2000'K. 
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Figure 10. 

I 

I Figure 11. 

Figure 12. 

Figure 13. 

Figure 14. 

Figure 15. 

Figure 16. 

Figure 17. 

Rates of energy loss to neutral particles (solid lines) 

and to electrons (dashed lines) for electrons of various 

energies below 20 eV moving in the model atmosphere with 

T (m) = iaoo°K. 

Rates of energy loss to neutral particles (solid lines) 

and to electrons (dashed lines) for electrons of various 

energies below 20 eV moving in the model atmosphere with 

T (00) = 2000°K. 

Rates of energy loss through vibrational excitation of 

molecular nitrogen at unit density. 

Rates of energy loss to neutral particles (solid lines) 

and to electrons (dashed lines) for electrons with 
energies between 1.5 eV and 4 eV moving in the model 
atmusphere with T (m) = 10~o#, 

Rates of energy loss to neutral particles and to electrons 

for electrons with energies between 1.5 eV and 4 eV mwing 
in the model atmosphere with T (a) = 2000!K. 

2 Rates of energy loss through rotational excitation of N 
(solid lines) and through elastic collisions (dashed lines) 

With the ambient electrons for T (03) = 1000°K. 

Rates of energy loss through totational excitation of N2 

(solid lines) and through eltietic collisions (dashed lines) 

with the ambient electrons for T (a) = 2000'K. 

Critical energies for the model atmosphere with 

T (a) = 1000°R, assuming that the vibrational energy of 

N is converted to thermal energy of (a) the neutral 
particles and (b) the electron gas. 
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Figure 18, Critical energies for the model atmosphere with 
0 

2 T (m) = 2000 K, assuming that vibrational energy of N 
is converted to thermal energy of (a) the neutral 

particles and (b) the electron gas, 

Figure 19, Heat fluxes to the ambient electrons for the atmosphere with 

T = 1000°K: curve (a) excluding metastable energy and 
excluding vibrational energy; curve (b) including 

metastable energy but excluding vibrational energy; 
curve ( c )  excluding metastable energy but including 

vibrational energy; curve (d) including metastable energy 
and including vibrational energy. 

Figure 20. Heat fluxes to the ambient electrons for the atmosphere 

with T ( O 0 )  = 2000°K. 

as for Figure 19. 

The labelling of the four curves is 

Figure 21. The right-hand side of Equation (24) as a function of 

Te at an altitude of 400 km in the atmosphere with 
T (a9 = 1000°K. 

Figure 22. Electron temperatures corresponding to the heat inputs 

of Figure 19. 

Figure 23.. Electron temperatures corresponding to the heat inputs 

of Figure 20. 
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ELECTRON TEMPERATURES IN THE IONOSPHERE - i  

A. Dalgarno, 
M. B. McElrofl and R. J. Moffett* 

SUMIARY 

1. Introduction 

Hanson and Johnson (1961) have suggested that energetic photo- 

electrons produced by the incident solar ultraviolet radiation may give 

rise to an electron temperature Te in the daytime ionosphere which is 

higher than the neutral particle and positive ion temperature Tg and 

experimental evidence supporting this view has been obtained recently 

by Spencer, Brace and Carignan (1962) who find that Te is much greater 

than Tg at altitudes between about 100 and 400 km, the maximum value 

of Te lying between 240OoK and 3000'K. However, because the solar 

photon flux adopted by Hanson and Johnson is much less than that now 

\ 

observed (cf. Watanabe and Hinteregger 1962), because an important 

process--the electron impact excitation of vibrational levels of molec- 

ular nitrogen--was omitted from consideration, and because the significance 

of metastable energies as a source of heating was not investigated, the 

conclusions of Hanson and Johnson have only qualitative significance and 

a re-analysis is desirable. 

I .  

*Department of Applied Mathematics, The Queen's University of Belfast, 
Belfast, N. Ireland. 
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2. Production of Photoelectrons 

2.1 Model Atmospheres 

As model atmospheres we have selected two from those derived by 

Bates (1959) and Bates and Patterson (1961), one of which corresponds 

to a temperature of 1000°K at the base of the exosphere and the other 

to a temperature of 2000°K. The two models probably span the possible 

atmospheres. The associated number densities and temperatures are 

reproduced in Table 1. 

2.2 Solar Flux and Photoionization Rates 

For the incident flux of solar photons we have adopted the values 

quoted by Watanabe and Hinteregger (1962) and they are reproduced in 

Table 2. Using a model atmosphere which is roughly a mean of the two 

given in Table 1, Watanabe and Hinteregger have computed the rate of 

production of ionization corresponding to this solar flux. 

repeated their calculations for the model atmospheres in Table 1 and a 

We have 

comparison of the noon ionization rates is given in Figure 1. 

tive production of O', 0; and N 

shown in Figures 2 and 3. 

The rela- 

ions are of interest and these are 2 
The accuracy of the absorption and photo- 

ionization cross sections used is very uncertain and Figures 1 and 2 

should be regarded as merely representative of the actual ionization 

rates. 
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Table 2 

Solar Spectral Intensities at Normal Incidence 

X(in P) Flux (in 108cm-2sec-1) X(in 2) Flux (in 108cm-2sec-1) 

1025.7 26 500 - 600 30 

1000 - 1027 15 400 - 500 24 

989.8 5 303.8 43 

977.0 30 300 - 400 29 

972.5 10 I 230 - 300 31 

949.7 5 170 - 230 33 

911 - 1000 37 110 - 170 3.5 

850 - 911 95 80 - 110 2.4 

796 - 850 25 60 - 80 1.8 

700 - 796 50 30 - 60 1.5 

600 - 700 47 20 - 30 0.12 

584.3 29 10 - 20 0.02  

4 
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2.3 Equilibrium Electron Densities 

Since the rates of the processes responsible for the disappearance 

of free electrons are still very uncertain, we have not attempted to 

calculate the equilibrium distributions of the electron density as 

functions of altitude for the assumed models but we have instead adopted 

the values given by Ratcliffe (1960) and listed in Table 1. 

2.4 Energy Distribution of Photoelectrons 

The prediction of the energy distribution of the photoelectrons is 

complicated by the fact that the available cross section data refer to 

a multiplicity of ionizing processes whereas the energy distribution 

depends upon the individual processes. Thus, the spectral heads for 

the ejection of an outer shell electron from atomic oxygen for the 

transitions 

2 2 4 3  2 2 3 4  
O(1s 2s 2p ) P + hv + O+(ls 2s 2p ) S + e 

2 2 4 3  4- 2 2 3 2  O ( l s  2s 2p ) P + hv -* 0 (1s 2s 2p ) D 4- e 

2 2 4 3  + 2 2 3 2  O(ls 2s 2p ) P + hv + 0 (1s 2s 2p ) P + e (3) 

are located at 91Of~, 7322 and 66351, respectively, so that a photon of 

wavelength, say 50d, absorbed by atomic oxygen will produce an electron 

of energy 11.2eVY 7.9eV or 6.leV depending upon which transition is 

involved. The internal energies of the metastable ions may still be 

8 



c 

2 a v a i l a b l e  as h e a t i n g .  Thus, t h e  r a d i a t i v e  l i f e t i m e  of t h e  D s t a t e  3/2 
3 2 4 i s  5 x 10 s e c  and of t h e  D s t a t e  i s  2 x 10 sec ;  and t h e  r a t e  

5/2 
c o e f f i c i e n t  f o r  t h e  s u p e r e l a s t i c  c o l l i s i o n  

e + o+(~D) + e + o+(~s) ( 4 )  

-8 3 -1 is  about  3 x 10 cm s e c  (Seaton and Osterbrock 1957). The meta- 

s t a b l e  energy of  t h e  2D state  may t h e r e f o r e  be t r a n s f e r r e d  d i r e c t l y  

t o  t h e  ambient e l e c t r o n  gas .  A l t e r n a t i v e l y ,  t h e  me tas t ab le  ion  may 

undergo ion-atom in t e rchange  w i t h  t h e  atmospheric  molecules ,  i t s  

energy thereby  appear ing  as thermal energy of t h e  heavy p a r t i c l e  gas .  

2 2 
3/2 

The r a d i a t i v e  l i f e t i m e  of t h e  P s t a t e  i s  5 sec and of t h e  P 
112 

state  i s  4 s e c  and t h e  r a t e  c o e f f i c i e n t s  f o r  t h e  s u p e r e l a s t i c  c o l l i -  

s i ons  

e + o+(~P) -+ e + o+(~D) (5 1 

e + o+(~P) + e + o+(~s) 

3 -8 3 are, r e s p e c t i v e l y ,  about  1 x cm s e c - l  (Sea ton .  

and Osterbrock 1957). Except a t  low a l t i t u d e s  where ion-atom in t e rchange  

may occur  more r a p i d l y ,  t h e  2P state  i s  u s u a l l y  d e a c t i v a t e d  by spontaneous 

c m  s e c - l  and 2 x 10 

emission,  t h e  more probable  process  being 

O+(2P) + O+(2D) + hv (7) 

9 



y i e l d i n g  a photon of wavelength 7330 2 and leaving  a metas tab le  2D 

state ,  t h e  energy of which may be t r a n s f e r r e d  t o  t h e  ambient e l e c t r o n s  

or  t o  t h e  heavy p a r t i c l e s .  

A t  435 8, t h e  photo ioniz ing  t r a n s i t i o n  

2 2 4 3  2 4 4  O( l s  2s 2p ) P + hv+ O'(1s 2s2p ) P + e 

and a t  310 8, t h e  photo ioniz ing  t r a n s i t i o n  

(9) 2 2 4 3  2 4 2  O ( l s  2s 2p ) P + h v  + O+(ls 2s2p ) P + e ,  

which involve  t h e  e j e c t i o n  of an  inne r  s h e l l  e l e c t r o n ,  can occur 

(Dalgarno and Parkinson 1960). The e x c i t e d  s t a t e  produced by (8)  w i l l  

subsequent ly  decay according 

2 2 4 4  O+(lS 2s p ) P 

t o  

+ 2 2 3 4  -+ 0 (1s 2s 2p ) S + hv 

wi th  t h e  emission of a photon of wavelength 833 2 which can be 

absorbed by atomic oxygen y i e l d i n g  an e l e c t r o n  wi th  an  energy of 1 . 2  e V  

o r  by molecular  oxygen y i e l d i n g  an  e l e c t r o n  of energy 2 .7  eV. The 

e x c i t e d  s ta te  produced by (9) w i l l  decay according t o  

2 2 3 2  O ' ( l ~ ~ 2 8 2 p ~ ) ~ P  + O+(ls 2s 2p ) D + hv 

o r  according t o  

2 2 3 2  O ' ( l ~ ~ b 2 p ~ ) ~ P  + O+(ls 2s 2p ) P + hv . 

10 



The 

537 

the 

photons emitted i n  (11) and (12) have wavelengths of 581 bz and 

8 ,  reepec t ive ly ,  and can produce fur ther  ionizat ion.  

metastable states i n  (11) and (12) may be deact ivated by super- 

As before,  

elastic c o l l i s i o n s .  

Radiation o f ,  wavelengths between 310 8 and the K-shell absorpt ion 

edge a t  about 23 62 can produce e lec t rons  with energies  ranging from 

zero t o  540 eV. Theee high energy e l ec t rons  w i l l  i n  t u rn  produce 

fu r the r  e lec t rone  by impact ion iza t ion .  

than perhaps 70 eV the  mean number of ion  p a i r s  produced can be obtained 

For i n i t i a l  energies  g rea t e r  

by d iv id ing  the i n i t i a l  energy by 34 eV but below 70 eV the  mean energy 

required t o  produce an ion p a i r  muet rise rap id ly  as an increas ing  frac- 

t i o n  of the energy ie expended i n  e x c i t a t i o n  processes (cf.  Dalgarno and 

Gr i f f ing  1958). 

a r b i t r a r i l y  aesumed t h a t  fo r  e l ec t ron  energies  between 20 and 70 eV, one 

ion p a i r  i e  produced. 

I n  computing the  ion iza t ion  rates of Figure 1, we have 

We s h a l l  nb t  d i rcuse  the  absorpt ion of r a d i a t i o n  shor t e r  than 23 2 
For our purpoees i t  e u f f i c e r  t o  note  that the  s o l a r  f l u x  of i n  d e t a i l .  

photons with wavelengths ehor t e r  than 30 8 i e  of the order  of 0.1 e r g  

cmo2 eec'l and t h a t  i t  i e  l a rge ly  deposited i n  the  E-region of t he  

ionoephere 

. The photoionizat ion p a t t e r n  f o r  the  atmospheric molecules i s  

bas i ca l ly  similar t o  but ,  because of the  v ib ra t iona l  s t r u c t u r e ,  more 

complex than t h a t  of atomic oxygen. 

11 
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The transformation of this essentially qualitative discussion 

into a quantitative prediction of the energy distribution of the photo- 

electrons must be somewhat arbitrary. For the photoionization cross 

sections, we have used the values listed by Watanabe and Hinteregger 

(1962); and we have assumed that whenever the photon energy is such that 

a multiplicity of transitions can occur, the probability of a particular 

transition is proportional to the statistical weight of the product 

positive ion state. The transitions which have been taken into account 

are given in Table 3 .  

The resulting distributions with altitude of the rates of production 

of photoelectrons of various energies arising from the transition (1) 

are illustrated in Figures 4 and 5 for the two model atmospheres. 

Similar curves may be constructed for the other photoionizing processes. 

The total rates of deposition of photoelectron kinetic energy are given 

in Figures 6 and 7 which a lso  show the distributions with altitude of 

the rates of deposition of energy retained initially in the metastable 

states 0 ( D) and O2 ( nu). 

converted into radiation and the remainder into heat, the division 

depending upon the collision processes by which the fast electrons are 

slowed down. 

+ 2  + 4  Part of the energy will subsequently be 

1 2  



Table 3 

Transitions Taken Into Account in Deriving the Energy 
Distribution of Photoelectrons 

Atomic Oxygen Transitions 

Electron removed Resulting state of 0 Threshold energy in ev 
+ 

2P 4s 13.6 
2P 2D 16.9 

2P 2P 18.7 

2s 4P 28.5 

28 2P 40.0 

Molecular Oxygen Transitions 
+ 

Electron removed Resulting state of 02- Threshold energy in eV 

*?T 12.1 
Tg2P g 

16.2 

17 . O  

4c- 18.2 

2?T - 28 
. -  40 

U 
Vu2P 4?T 

Tu2P 27r 
U 

dg2P 8 

dU2s U 

6. 2s 27r 
g g 

Molecular nitrogen transitions 

Electron removed 
+ 

Threshold energy in eV Resulting state of N2- 
2z+ 

2rrg U 
2c+ 

U 

15.6 

16.7 

18.8 

- 35 
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3 .  Energy Loss Processes  

W e  s h a l l  n o t  p r e s e n t  h e r e  a d e t a i l e d  d i s c u s s i o n  of t h e  energy loss 

processes  through which a f a s t  e l e c t r o n  i s  slowed. 

3 . 1  C r i t i c a l  A l t i t u d e s  and Energies 

The r e s u l t s  of t h e  comparisons of t h e  e f f i c i e n c i e s  of energy loss 

t o  t he  n e u t r a l  p a r t i c l e s  and t o  the  e l e c t r o n s  are summarized i n  Table 4 

which g ives  f o r  v a r i o u s  e l e c t r o n  ene rg ie s  the  c r i t i c a l  a l t i t u d e s  f o r  

t h e  two model atmospheres above which loss  t o  the  e l e c t r o n s  i s  the  more 

probable and below which l o s s  t o  the  n e u t r a l  p a r t i c l e s  i s  t h e  more 

probable;  i t  i s  being assumed t h a t  v i b r a t i o n a l  energy of N i s  converted 

t o  thermal energy of t h e  n e u t r a l  p a r t i c l e  gas .  I f  w e  assume t h a t  v i b r a -  

t i o n a l  energy of N i s  converted to. thermal energy o f  t h e  e l e c t r o n  gas ,  

t h e  c r i t i c a l  a l t i t u d e s  are unchanged f o r  E 2 5 e V  bu t  do n o t  e x i s t  f o r  

lower e n e r g i e s ,  a l l  of t h e  e l e c t r o n  k i n e t i c  energy below 5 e V  being 

t r a n s f e r r e d  t o  t h e  ambient e l e c t r o n s .  

2 

2 

W e  may summarize the r e s u l t s  a l so  by i n t roduc ing  c r i t i c a l  e n e r g i e s  

Ec which are such t h a t  f o r  E > Ec ,  E 

gas  and f o r  E < E E i s  t r a n s f e r r e d  t o  t h e  e l e c t r o n  gas .  The c r i t i c a l  
C ’  

e n e r g i e s  are shown i n  F igu res  8 and 9 f o r  t h e  two model atmospheres 

corresponding t o  the  a l t e r n a t i v e  assumptions t h a t  v i b r a t i o n a l  energy 

of N i s  converted t o  thermal energy of t h e  n e u t r a l  p a r t i c l e  gas  and 

t h a t  i t  is  converted t o  thermal energy of t h e  e l e c t r o n  g a s .  

i s  t r a n s f e r r e d  t o  t h e  e l e c t r o n  
C 

2 

18 
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Table 4 

C r i t i c a l  Altitudes 

Energy (eV) hc (W Energy (eV) hc (W 

40 

20 

10 

8 

7 

6 

5 

4 

3 

2 

1 . 5  

500 

370 

286 

26 0 

2 36 

178 

170 

220 

224 

204 

152 

18 

14 

10 

8 

7 

6 

5 

4 

3 

2 

1.5 

500 

4 08 

332 

2 76 

2s2 

176 

170 

230 

240 

210 

150 

I 

, 
-., 
. .  

. '. 
19 
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4 .  Heat Fluxes and Electron Temperatures 

Combining the predicted initial energy distribution of the photo- 

electrons with the critical altitudes and energies yields the distribution 

of energy which is transferred to the ambient electrons. The results are 

shown in Figures 10 and 11, there being four distributions for each 

atmosphere depending upon the ultimate fate of the energies initially 

stored as metastable energy and as vibrational energy, 

Equating the heat fluxes to the rate of cooling of the electron gas 

to the heavy particles leads to the electron temperatures of Figure 12. 
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5. Discussion 

The observational evidence concerning electron temperatures in the 

ionosphere has been reviewed recently by Bauer and Bourdeau (1962). 

They conclude that except at sunrise the electron and neutral particle 

temperatures in a quiet ionosphere are equal up to altitudes of 200 km 

and at altitudes above the F2 peak. In the lower F region, the 

difference between the electron temperature and the heavy particle 

temperature attains a maximum value of about 1000°K at an altitude 

near 250 km. 

In view of the several uncertainties in the theoretical analysis, 

the agreement between the theoretical predictions and the observations 

is very satisfactory. Indeed, the observed magnitude of the maximum 

temperature difference is closely equal to that predicted for the case 

when vibrational energy of molecular nitrogen is not transferred to 

the electron gas. 

lower than that observed but this small discrepancy can plausibly be 

attributed to an underestimate of the cooling rate, especially in view 

of recent work by Phelps (1962, private communication) indicating that 

the cross section for low energy excitation of the first vibrational 

level of molecular nitrogen is quite large. 

data on electron temperatures in a quiet ionosphere can be explained 

as due to the direct action of solar ultraviolet radiation and it is 

The predicted location of the maximum is about 30 km 

Thus,the observational 

unnecessary to postulate the existence of electric fields. 
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At sunrise and during disturbed conditions the observational 

results indicate greater departures from temperature equilibrium 

(cf. Bauer and Bourdeau 1962) and work is in progress to analyee these 

phenomena. 

J 
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THE SOLAR FLUX INCIDENT AT THE TOP OF THE ATMOSPHERES 
OF EARTH AND NEIGHBORING PLANETS FOR THE 

SPECTRAL REGION 50 A TO 3000 A* 

E .  D. Schultz and A. C. Holland 
SUMMAR@* 

Most planetary atmospheric gases strongly absorb radiation below 

3000 A. These absorptions often result in photoionization and/or photo- 

dissociation; so although the total flux below 3000 A is small, its 

effect on the aeronomic properties of the upper atmosphere such as 

chemical composition, atmospheric thermodynamics, atmospheric dynamics, 

terrestrial gas reflectivities, etc. is large. Accordingly, the distri- 

bution and absolute intensity of the solar flux for wavelengths below 

3000 A is an important aeronomic parameter for systematic studies of 

planetary aeronomy such as are being performed at GCA under the present 

contract . 

As a first step, the solar flux incident at the top of the Earth's 

(I)* atmosphere has been compiled for the spectral region 50 A to 3000 A. 

The compilation was based essentially on the work of K. Watanabe, 

H. E. Hinteregger, (3) C. R. Detwiler et al. , ( 4 )  and F. S o  Johnson. 

(2) 

(5 1 

Between 50 A and 1850 A, the major emission lines were distinguished 

from the continuum and are presented separately. 

lines are lumped together, 

The continuum and weak 

(2) The emission lines published by Watanabe 

*This work was partially supported under Contract No. AF33(657)-9199. 
**The figures and tables referred to in this Summary text may be found 

in GCA TR 62-14-N and are not reproduced here. 
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and by Detwiler et a1.(4) were modified to reflect the most recent 

measurements by Hinteregger. (3)  
I 

Beyond 1850 A ,  emission lines could 

I not be resolved from the continuum. Below 283 A ,  the absence of emis- 

I sion lines merely reflects the lack of experimental data. 
I 

"j 
1 

! 

In the near ultraviolet, the data published by Johnson(5) and by 

Detwiler and co-~orkers'~) agree down to 2400 A ;  but at shorter wave- 

lengths, they differ by a factor that reaches 2.0 at 2200 A .  The two 

sets were joined at 2600 A using the method outlined in Table 1. 

the far ultraviolet, the discrepancy between Detwiler and Watanabe was 

not consistent, and the two sets of data were arbitrarily joined at 

1600 A .  The top of Earth atmosphere solar photon flux from 50 A to 

3000 A are reproduced from the original work") in Figures 1 through 5 

to serve as a basis for calculating similar data for other planets. 

Tabulated values of how the tables and graphs were generated are given 

in Tables 1 and 2. 

In 

~ 

I In all of the figures, the pure experimental data are plotted in 

two clear and unambiguous presentations of the tabulation to provide a 

convenient comparison of the contribution of major emission lines with 

the contribution of the continuum and weak lines. As indicated in the 

tabulation, some of the individual emission lines contain contributions 

from the same and/or other elements or unresolved multiplets. 

To obtain the flux values at the top of the atmospheres of neighbor- 

ing planets, intensity dilution factors are easily determined using an 

Y 
1 
i 

2 



i n v e r s e  squa re  r e l a t i o n  based on mean r a d i u s  v e c t o r  magnitudes.  

d a t a  appear  i n  Table 3 .  For convenient  r e f e r e n c e  t h e  f l u x  d a t a  f o r  

Mercury, Venus, Mars and J u p i t e r  have been computed and are inc luded  

wi th  va lues  f o r  E a r t h  i n  Tables  4 and 5 .  

t a b u l a t e d  d a t a  f o r  E a r t h  were used a s  a base t o  gene ra t e  t h e  e n t i r e  

model of  t h e  s o l a r  photon f l u x  from 50 A t o  3000 A f o r  t h e  top  of  t h e  

These 

The p rev ious ly  d i scussed  

atmospheres of Venus and Mars. 

It should be emphasized t h a t  t h e  i n t e n s i t y  d i l u t i o n  f a c t o r s  are 

average  va lues .  V a r i a t i o n  i n  t h e s e  f a c t o r s  due t o  o r b i t a l  e c c e n t r i -  

c i t i e s  a lone  a r e  shown i n  Table 6 f o r  t h e  cases  of  Venus, E a r t h  and 

Mars. Furthermbre,  t h e  v a r i a t i o n  i n  the  f a c t o r  f o r  E a r t h  r e f l e c t s  

i t s e l f  i n  a d d i t i o n a l  v a r i a n c e  i n  t h e  f a c t o r s  f o r  o t h e r  p l a n e t s ,  s i n c e  

t h e  o r i g i n a l  i n t e n s i t y  d a t a  were obta ined  a t  E a r t h  f o r  an  assumed r a d i u s  

v e c t o r  of  1 A.U. However, f o r  p r e s e n t  purposes ,  t h e  s i m p l i f y i n g  assump- 

t i o n  of ze ro  e c c e n t r i c i t y  of E a r t h ' s  o r b i t  i s  j u s t i f i e d  s i n c e  t h e  

exper imenta l  e r r o r s  and/or  t h e  r e a l  t i m e  v a r i a t i o n  of  f l u x  may exceed 

v a r i a t i o n s  due t o  t h e  E a r t h ' s  o r b i t  e c c e n t r i c i t y .  

Inasmuch as t h e  e c c e n t r i c i t y  of  Venus' o r b i t  i s  l e s s  than  t h a t  f o r  

E a r t h ,  w e  may a l s o  cons ide r  t h a t  v a r i a n c e  as n e g l i g i b l e .  I n  t h e  c a s e  

of  Mars, however, such an approximation cannot  be made. 

e c c e n t r i c i t i e s  f o r  E a r t h  and Mars are coupled,  t h e  r e s u l t i n g  v a r i a t i o n  

i n  t h e  d i l u t i o n  f a c t o r  f o r  t h e  l a t te r  can r e a c h  as h i g h  as 45  p e r c e n t .  

When t h e  

3 



Figure 6 is a plot of the magnitude of the radius vector of Mars 

for the decade 1960 - 1970. Figures 7 through 16 can be conveniently 

employed for the solar flux incident in the top of the atmospheres of 

Venus and Mars. 

! 

Additional variations due to other factors such as the variance 

of solar activity throughout the eleven-year cycle and the solar flares 

and prominences are present during which strong W and X radiation have 

been observed. However, at present these factors cannot be taken into 

account in any meaningful manner. 

Finally, a comparison of the different sources of data was not 
\ 

attempted here; discussions of individual methods and experimental 

errors can be obtained at the sources, It is important to emphasize 

the limitations of this presentation, but at the same time recognize 

its value for certain investigations. While the numerical values in 

the model may change as more experimental measurements are made, the 

essential format of the model should remain. 

4 
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A CONGERIES OF ABSORPTION CROSS SECTIONS 
FOR WAVELENGTHS LESS THAN 3000 8, 

E. D. Schultz, A. C. Holland 
and F. F. Marmo 

I. INTRODUCTION 

The absorption of solar vacuum ultraviolet radiation by atmospheric 

gases is of primary importance in any comprehensive study of planetary 

aeronomy. Absorption cross section measurements have been made by 

numerous investigators, but their results are scattered throughout 

the literature. Some general surveys of these studies do exist (see, 

for example, References 3 ,  19, and 27); however, a detailed and up-to-date 

collection of absorption cross sections in the vacuum ultraviolet will 

serve as a ready aid for investigating atmospheric problems. 

The purpose of this report is to begin such a compilation of experi- 

mental data. To obtain this presentation, the literature was searched 

for current experimental data and reviews of investigations in this area. 

In a few cases, data were obtained through private communication with 

particular investigators. Available absorption curves and tabulations, 

in the spectral region from 100 %, to 3000 i, of various authors were 

collected and identified. I n  each case where tabulated values of 

absorption coefficients or cross sections were available, plots in this 

report were constructed by connecting points with straight line segments. 

Where curves but not tabulations were available, the curves were reproduced 

either directly or by linearizing semi-log figures. Table 1 is a block 

summary of authors whose studies are inclu&d-in this compilation. In 

1 



Tables 2 through 23 appear the pure experimental data. Figure 1 is a 

graphical summary of the respective spectral regions studied--all which 

appear in Figures 2 through 31 and which were reproduced without attempted 

interpretation. 

Two lists of references follow the discussion. The Direct List 

includes those authors whose articles have been consulted for this study 

and/or whose data have been plotted in the absorption cross section 

figures. The Indirect List includes. authors whose works have been 

cited herein but were not directly consulted. 

Included among the gases which are known or suspected to be present 

in the Earth and/or other planetary atmospheres are: 

Oxygen Argon 
Ozone Nitric Oxide 

Carbon Dioxide Nitrous Oxide 

Carbon Monoxide Nitrogen Dioxide 

Water Vapor Ammonia 
Nitrogen Methane 

An accompanying brief discussion of the absorption characteristics 

together with a historical sketch of each gas considered appear below. 

Where extracts were published in a format similar to the intended pattern 

of  this report, the authors are quoted directly. In this respect, it is 

emphasized that our purpose is to accumulate existing information in this 

area and to present a fairly complete package for convenient reference 

l and availability in the present systematic study of planetary aeronomy 

and for future applications, The contents will be updated and/or 

extended as more refined data are made available. 
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ATOMIC POLARIZABILITIES AND SHIELDING FACTORS 

A. Dalgarno 

SUMMARY 

1. INTRODUCTION 

Atomic p o l a r i z a b i l i t i e s  d e s c r i b e  t h e  changes i n  t h e  charge d i s t r i b u -  

t i o n  of an  atom when i t  i n t e r a c t s  w i th  an electric f i e l d  and because of 

i t s  c l o s e  r e l a t i o n s h i p  t o  d i e l e c t r i c  c o n s t a n t s ,  t h e  s t u d y  of  d i p o l e  

p o l a r i z a b i l i t i e s  has  a lengthy h i s t o r y ,  

f a c t o r s  i s  of more r e c e n t  o r i g i n  and was s t i m u l a t e d  by a t t empt s  t o  

determine n u c l e a r  quadrupole moments from obse rva t ions  of h y p e r f i n e  

I n t e r e s t  i n  atomic s h i e l d i n g  

s t r u c t u r e .  To a f i r s t  approximation, atomic h y p e r f i n e  s t r u c t u r e  is 

due t o  t h e  i n t e r a c t i o n  between t h e  nucleus and t h e  va l ence  e l e c t r o n s ,  

and t h e  i n n e r  c losed  s h e l l s  of  e l e c t r o n s  ac t  merely t o  s c r e e n  t h e  

nuc lea r  charge and s o  t o  modify t h e  e l e c t r o s t a t i c  f i e l d  i n  which the  

valence e l e c t r o n s  move. However, ano the r  type of s h i e l d i n g  occurs  

because t h e  va l ence  e l e c t r o n s  d i s t o r t  t h e  s p h e r i c a l  s y m e t r y  of t h e  

c losed  shel ls  and t h e  d i s t o r t e d  s h e l l s  t hen  i n t e r a c t  w i t h  t h e  nuc leus .  

A l t e r n a t i v e l y ,  t h e  n u c l e a r  m u l t i p o l e  moments induce e q u i v a l e n t  moments 

i n  t h e  charge d i s t r i b u t i o n  of t h e  c losed  s h e l l s  and t h e s e  moments then 

i n t e r a c t  w i t h  t h e  va l ence  e l e c t r o n s .  
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2. ABSTRACT OF RESULTS 

Although they refer to different phenomena, polarizabilities and 

shielding factors are examined together in this report since the mathe- 

matical procedures for calculating them are very similar and a larger 

body of experimental data becomes available for assessing the accuracy 

of the methods used. A detailed discussion is given of the methods of 

calculating atomic polarizabilities and shielding factors and the 

relationships between them are demonstrated. The formulation of the 

uncoupled Hartree-Fock approximation is presented and it is shown that 

the methods are all approximate versions of it. 

cedure, the coupled Hartree-Fock approximation, is described. Compre- 

hensive tables of dipole and quadrupole polarizabilities and of 

quadrupole shielding factors are included together with an assessment 

of the probable accuracy. 

A more accurace pro- 

A cursory examination of the Table of Contents makes evident that 

the nature and extent of the present report does not make it feasible 

to include any more detail than that given in the previous paragraph. 
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SECTION I1 - EXPERIMENTAL 

. 

SUMMARIES OF WORK ACCOMPLISHED UNDER CONTRACT NO. NASW-395 
AND PREVIOUSLY PUBLISHED AS GCA TECHNICAL REPORT NUMBERS 

62-4-N, 62-8-N, 62-9-N AND 63-1-N 

I n  t h i s  s e c t i o n ,  r a t h e r  comprehensive summaries of  
p rev ious ly  publ ished GCA Technical  Reports  are g iven .  
Included i n  these  summaries are the  p e r t i n e n t  t a b l e s ,  
f i g u r e s ,  and d a t a .  Br ie f  ana lyses  are a l s o  given so  
t h a t  t h e  r e p o r t  i s  a b l e  t o  s t a n d  on i t s  own. To 
i n d i c a t e  t h e  d e t a i l  and scope of work covered i n  t h e  
o r i g i n a l  r e p o r t s ,  i n  each  case the  summaries a r e  pre-  
ceded by (1) t h e  o r i g i n a l  T i t l e  Page, ( 2 )  t h e  o r i g i n a l  
Table of  Contents ,  and (3)  miscel laneous items such as 
a b s t r a c t s ,  l i s t s  of f i g u r e s ,  e t c .  
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I. 

ABSORPTION AND PHOTOIONIZATION COEFFICIENTS 
OF PROPYLENE AND BUTENE-1 IN THE 

VACUUM ULTRAVIOLET 

J.A.R. Samson, F.F. Marmo and K. Watanabe 

SUMMARY 

INTRODUCTION 

A continuing program is being conducted to measure the absorption 

and photoionization coefficients of gases and vapors. The results are 

applied to planetary atmospheres; suitable fillings for photon counters; 

and a search for suitable gases which ionize at longer wavelengths than 

nitric oxide, thereby extending the usable range of absolute measurements. 

A detailed analysis of the absorption and photoionization of propylene 

and butene-1 in the region 1000-2000 A is given in this report. 

The absorption spectrum of propylene and butene-1 below 2000 A has 

been studied by several investigators; (1-6) comparisons of previous to 

the present work will be made in the appropriate places in the text below. 

In the present study the total absorption coefficient of propylene 

and butene-1 vapor in the region 1050-2000 A and the photoionization 

coefficient in the region 1050 A to the onset of ionization were measured 

by means of photoelectric methods. From these measurements two Rydberg 

series were identified in propylene along with some vibrational structure. 

Further, ionization potentials were obtained directly for the two vapors 

and found to be in good agreement with previously published data. ( 4 )  

1 



11. EXPERIMENTAL 

Measurements of absorption coefficients and photoionization yields 

were made by methods described previously. ( 7 J 8 )  Data f o r  the total 

absorption coefficients were obtained with six pressures ranging from 

0.04 to 0.2 mm Hg, and for photoionization absorption coefficients with 

three pressures from 0.5 to 2 mm Hg. The absorption coefficient, k in 

crn-'$ was defined as previously(7) by the equation I = I 

where I and I are the incident and transmitted light intensities, 

respectively, and x, in cm, is the absorbing path length of the vapor 

expressed at NTP. The photoionization Coefficient is defined as the 

product of the ionization yield and the total absorption coefficient. 

Absolute yields were obtained by comparison of the ionization current 

of the investigated vapors to that of nitric oxide. Nitric oxide yields 

were calibrated against a thermocouple in 1954. (') These yields have 

recently been revised and are the ones used in this present work. 

exp (- kx), 
0 

0 
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111. RESULTS AND DISCUSSION 

Mean absorption coefficients of propylene and butene-1 in the 

spectral region 1050-2000 A are summarized in Figures 1 through 4 ,  which 

were made by drawing smooth curves through points for about three. hundred 

wavelengths. The experimental uncertainty in the mean k-value is estimated 

to be about 10% for nearly a11 wavelengths, pressure measurements being 

the main source of error. 

A. PROPYLENE 

1. Region 1500 - 2000 A 

Figure 1 gives the total absorption Coefficients of propylene 

between 1500 - 2000 A .  A broad absorption band with a maximum at 1720 A 

is the most prominent feature in this region. Unlike the absorption spec- 

trum of ethylene, which has quite discrete structure, propylene exhibits 

rather diffuse bands. However, some structure is evident to the short- 

wavelength side of the absorption band and is possibly due to strong 

Vibrational bands superimposed on the main transition. The average 

separation of these bands is 1360 cm-l which is of the same order as the 

separation of the vibrational bands found in ethylene in this region by 

Price and T~tte;'~) namely, 1370 cm-l. Price and Tutte attribute this 

vibration in ethylene as being due to the totally symmetrical valence 

frequency of the double bond. 

3 
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The oscillator strength f for this absorption band was 

(11) Edv, where E = k/0.1028. calculated from the relation f = 4.31 x 10 

The limits of the integral for the above band are somewhat uncertain to 

the shbrt-wavelength side of the band; however, the dotted curve en Fig. I 

approximates the band limit. Taking the area under this curve, one gets 

f = 0.32. I 

-9 s 

2 .  Region 1050 - 1500 A 

To wavelengths shorter than 1300 A, the absorption spectrum 

(curve I, Figure 2) is essentially continuous. However, between 1300 - 
1550 A ,  considerable structure can be seen. Although this structure is 

more diffuse than in ethylene, two Rydberg series can be identified with 

the help of the photoionization absorption coefficient curve (11). This 

curve gives an onset for ionization at 1274 A (9.73 ev), while a second 

break in the curve is indicative of another ionization potential due to 

a transition into a vibrational state of the ion, Av = 527 cm , at 
1265.5 A (9.80 ev). 

tion about C = C bond in analogy with the almost certain identification 

of  this vibration in ethylene. (3 )  Using these ionization potentials as 

a guide and from the doublet nature of some of the bands in curve I, two 

series were identified and found to fit the following Rydberg formulas: 

-1 

This vibration probably represents a twisting vibra- 

(1) 
2 R(n) : v = 78586-R/(n+0.85) n = 3 ,  4 o a .  , 

(2) 
2 R(n) + Av: v = 79051-R/(n+0.85) n = 3, 4 , 

8 



where R is the Rydberg constant, R(n) a Rydberg series, and R(n) t Av 

a doublet member of the R(n) series. The position of these Rydberg 

bands are shown in Figure 2. The calculated series limits of 78586 cm 

(9.74 ev) and 79051 cm (9,80 ev) agree well with the ionizatiotl poten- 

tials obtained from the photoionization experiments. 

-1 

-1 

The structure of curve I1 compares favorably with that 

published by Steiner et al. (5) 

potential at 9.73 2 0.02 ev and a break in their ionization efficiency 

curve occurs at the same position we have assigned to the R + v series 

limit at 9.80 ev. The observed ionization potential at 9.73 ev agrees 

In particular, they obtain an ionization 

with previously published data using photoionization methods. ( 4 )  

Price and T~tte‘~) did not publish a Rydberg series in 

propylene; however, from the structure of their spectrum, they do 

estimate a series limit at 9.6 ev in good agreement with the first 

series limit of 9.74 ev found in this work. Electron impact techniques 

yield, in general, slightly higher ionization potentials than photo- 

ionization methods, and in propylene these values vary from 9.81 to 

Theoretical values at 10.14 and 9.96 ev for the first 

ionization potential of propylene have been calculated by Higuchi (I3) and 

Streitwieser (I4) respectively. Walsh (I5) has estimated that a second 

ionization potential, corresponding to the removal of a u CC electron, 

should occur around 12.0 ev, This occurs at shorter wavelengths than 

9 



repor ted  he re  and no evidence of i t s  presence i s  apparent  from curve I T ;  

however, due t o  the  lowering of t h e  i o n i z a t i o n  p o t e n t i a l s  by a l k y l  sub- 

s t i t u t i o n ,  i t  may be apparent  i n  butene.  

B. BUTENE-1 

1. Region 1500 - 2000 A 

Butene-1 has  a very  similar abso rp t ion  spectrum t o  t h a t  of 

propylene;  however, as can be seen from Figure  3 ,  t h e  d i s c r e t e  s t r u c t u r e  

i s  much more d i f f u s e .  The maximum of  t h e  main abso rp t ion  band a t  1760 A 

shows a s h i f t  towards the  red  as compared t o  propylene,  This s h i f t  was 

aI.so observed by Carr and S tkk len ' ' )  as t h e  number of a l k y l  groups 

around t h e  double bond inc reased .  

An f -va lue  of 0.36 was obtained assuming t h e  band followed 

t h e  do t t ed  curve i n  F igure  3 .  This va lue  compares favorably  w i t h  t h a t  

of 0 .39  obta ined  by Gary and P i c k e t t .  (2) 

2.  Region 1050 - 1500 A 

I n  F igure  4 ,  curve I, some abso rp t ion  bands can be seen  

between 1300 and 1550 A; however, they are f a r  too  d i f f u s e  and unresolved 

t o  observe any Rydberg series. The abso rp t ion  spectrum i s  o therwise  con- 

t inuous  down t o  t h e  l i m i t  of observa t ion  a t  1050 A .  

Curve I1 i n  Figure 4 r e p r e s e n t s  t h e  pho to ion iza t ion  absorp-  

t i o n  c o e f f i c i e n t  of butene-1.  I o n i z a t i o n  begins  a t  about  1297 A ,  r ises 

10 



sharply, and has a point of inflection at 1294 A or 9.58 ev representing 

the first ionization potential of the molecule. The region between 

1297 and 1294 A represents the Boltzmann energy distribution in the 

molecule at room temperature. 

in good agreement with previously published data using photoionization 

methods , (435)  and is, in general, slightly lower than values obtained 

The ionization potential at 9.58 ev is 

(12) by electron impact techniques, which vary from 9.76 to 10.00 ev. 

Franklin calculated the ionization potential of butene-1 using a semi- 

empirical relation and obtained a value of 9.7 ev. (I6) 

the discussion on propylene, Walsh (I5) estimated a higher ionization 

potential in propylene at around 1 2  ev. Due to the lowering of the 

ionization potential by alkyl substitution one might expect a higher 

ionization potential in butene-1 at somewhat less than 12.0 ev. From 

curve 11, Figure 4 ,  an abrupt increase in the ionization cross section 

at 11 .3  ev suggests a higher ionization potential and may be due to the 

removal of the (J CC electron as suggested by Walsh. 

A s  mentioned in 
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THE DUOPLASMATRON AS A 
VACUUM ULTRAVIOLET 

LIGHT SOURCE* 

J.A.R. Samson' 

I. INTRODUCTION 

The Duoplasmatron was developed about twelve years ago as a highly 

efficient source of protons. After its publication'') in 1956, a number 

of variations were designed and used as ion or electron sources for such 

applications as accelerator ion sources and ion propulsion devices. 

A further application was suggested by Herzog; ( 5 )  namely, that the highly 

concentrated plasma of a Duoplasmatron possibly would emit intense vacuum 

ultraviolet radiation. 

( 2 , 3 9 4 )  

In the spectral region below 1000 A conventional light sources are 

of the high voltage pulsed type with their inherent disadvantages that 

they radiate electrical noise and are difficult to operate at a constant 

light intensity output. Thus, it is desirable to look for a light source 

which emits radiation below 1000 A of'comparable intensity to the high 

voltage pulsed type but which operates from a D.C. supply. The hot 

filament type of light source falls into this category with the excep- 

tion of light intensity. It was felt, therefore, that with the combina- 

tion of hot filament and axial magnetic field as found in the Duoplasmatron 

that the light intensity would be comparable with the high voltage pulsed 

light sources 

*The content of this report has been submitted for publication to the 
"Review of Scientific Instruments," and is included in this report in 
its entirety. 
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A preliminary measurement of the total intensity between 1050 A and 

1350 A was made using a nitric oxide ion chamber with a Duoplasmatron 

which was currently being used as an ion source. The source had an 

anode opening of 0.008 inches. Using hydrogen in the Duoplasmatron 

with an arc current of 300 mA, a flux of approximately 1OI2 photons/sec/cm 2 

was measured at a distance of 25 cm from the anode opening for the 1216 A 

Lyman-alpha line. This i s  based on the assumption that 50$ of the ion 

chamber response was due to the 1216 A line--an assumption which is 

normally true for a hot filament-type hydrogen lamp. Subsequently, a 

Duoplasmatron light source was designed, built, and tested. 

The principle of the Duoplasmatron can briefly be described as 

follows: A low pressure arc discharge in hydrogen, typically 20 to 

100 microns pressure, is  constricted by a funnel-shaped baffle placed 

between the electron emitting cathode (hot filament) and the anode. A 

strong axial magnetic field of approximately 2000 oersteds is developed 

between the baffle and the anode by a pole piece arrangement similar to 

those used as magnetic lenses in electron microscopes; this further con- 

stricts the discharge to a narrow plasma beam along the axis. If the 

anode has a central opening, a very intense ion or electron beam can 

be extracted from the plasma. Any gas can be used to produce the ions 

provided the gas does not poison the filament. 

2 



11. DESIGN CONSIDERATIONS 

In the Duoplasmatron the plasma density on the axis near the anode 

increases quickly with the magnetic field strength, and after passing a 

flat maximum slightly decreases. In practice, this means one has to 

operate the Duoplasmatron above a minimum magnetic field strength to 

provide a maximum plasma density on the axis. 

plasmatrons the magnetic field is generated by a solenoid of 2000 to 

7000 amp turns, providing a magnetic field of the order of 2000 oersteds 

In conventional Duo- 

between the pole pieces. However, it would appear that a permanent mag- 

net of equivalent strength would be equally as efficient as a solenoid 

and at the same time have the following advantages: 

for the magnetic field is needed; (b) since the heat generated in the 

solenoid is of the same order as the heat generated by the arc, then 

for a given cooling rate a higher arc current can be drawn if the 

solenoid is replaced by a permanent magnet; (c) since the baffle elec- 

trode, which forms one pole of the magnetic field, operates at a different 

electrical potential than the anode, which forms the other magnetic pole, 

it is necessary in the case of a solenoid to have an additional air gap 

in the path of the magnetic flux through the iron enclosure to provide 

electrical insulation. 

additional magnetic induction. This is avoided if one chooses ceramic 

permanent magnetic material, which is electrically insulating. (d) There 

are ceramic magnets on the market which have an exceptionally high coer- 

(a) no power supply 

For a given magnetic field strength this requires 

cive force, typically around 2000 oersteds. (6) That means the required 

3 



magnetic length is relatively small; therefore, less iron i s  needed 

and since the ceramic material itself is much lighter than copper, the 

whole assembly becomes considerably shorter and lighter than an equiva- 

lent design employing a magnet coil, 

4 



-. 
111. CONSTRUCTION 

A s e c t i o n a l  view of t he  Duoplasmatron i s  shown i n  Figure 1. The mag- 

n e t i c  f i e l d  i s  provided by t h r e e  r i n g s  o f  h igh ly -o r i en ted  barium f e r r i t e  

permanent magnetic material (Indox V) which are magnetized i n  t h e  d i r e e t i o n  

of t h e i r  a x i s .  This  provides  a f i e l d  of 7000 o e r s t e d s  between t h e  b a f f l e  

a p e r t u r e  and t h e  s l i t  ho lde r .  The magnetic f l u x  goes from one pole  of t h e  

magnet through t h e  source f l a n g e  and the  s l i t  holder  over t h e  gap, through 

the  w a l l  of t h e  b a f f l e  e l e c t r o d e ,  and then through the  cover p l a t e  t o  t h e  

o t h e r  p o l e  of t he  magnet. 

t o  t h e  s l i t  h o l d e r - - i s  he ld  by t h e  s t r o n g  magnetic f i e l d  between t h e  apex 

of t h e  b a f f l e  e l e c t r o d e  and the  s l i t  ho lde r  which s l i d e s  i n  the  source 

f l a n g e .  

magnetic f i e l d  p r e s s e s  the  s l i t  a g a i n s t  t he  anode which i s  an a i r - c o o l e d  

The s l i t - - t h e  two ha lves  of whieh a r e  screwed 

This way t h e  s l i t  can e a s i l y  be pu l l ed  ou t  and in spec ted .  The 

d i s c  of copper.  

e l ec t rode - -on to  which i s  screwed a s t a i n l e s s  steel  r e t a i n e r  r ing - -a re  

s e a l e d  t o  t h e  source f l a n g e  w i t h  s i x  screws s imultaneously,  having indium 

The coo l ing  d i s c ,  a ceramic spacer  r i n g  and the  b a f f l e  

o r  gold O-rings between each o t h e r .  

feed-through cap, which c a r r i e s  t h e  gas i n l e t  tube and two ceramic t e rmina l  

bushings which hold two s t u d s  between whieh t h e  f i l amen t  i s  mounted. The 

f i l amen t  i s  platinum mesh w i r e ,  which i s  dipped i n  a suspension of barium 

ca rbona te  and a c t i v a t e d  i n  a hydrogen atmosphere. A coo l ing  f a n ,  mounted 

on t h e  cover p l a t e ,  blows a i r  through twelve ho le s  i n  t h e  cover p l a t e ,  

a long t h e  b a f f l e  e l e c t r o d e ,  through twelve h o l e s  i n  the  coo l ing  d i s c ,  

and f i n a l l y  ou t  through twelve channels i n  the  source f l a n g e .  

The b a f f l e  e l e c t r o d e  i s  closed by a 
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The circuit diagram for the arc power supply is shown in Figure 2 ,  

The supply is current stabilized by simply inserting an amperite ballast 

tube in series with the load. Figure 3 shows the current-voltage char- 

acteristics of a typical tube. The power supply was constructed with 

ten amperite 3-38 A ballast tubes in parallel in order to provide current 

stabilization for 0.3 amps to 3 amps by switching in the namber of tubes 

required to provide the desired arc current. 

7 



O l c C I O 7 -  520P 

V 
c3 > 
0 
In 

I 
0 

- 

+ 

T 
0 
In0 
-n A’ 

V 
Q 
v) 

V 

v1 a 
5 
m 
0 
U 

m 
0 

E 
k 
IH 

h 
4 a a 
3 
v1 

a 
Q) u m 

M 
Q) 
k 

u 

.J 
U 

N 

aJ 
k 
? 
M 

.I4 
Fr 

b V 

> a b 
8 



O l C C  107 - 510 P 

I I I I 

a 
V m  

i E Q  

In 
0 

d 
0 

ro 
0 

‘u 
0 

S d W V  - 1 N 3 U U n 3  

- 
0 

0 
2 

0 
N - 

0 
P 

0 m 

0 

0 e 

0 
N 

3 

9 



IV. RESULTS 

The Duoplasmatron, as shown in Figure 1, has been operated success- 

fully both as an ion source and as a vacuum ultraviolet light source. 

The extractor aperture of the Duoplasmatron ion source was replaced by 

a slit assembly 1/8 inch high by 50 microns wide. 

constituted the entrance slit of a 1/2 M Seya-type vacuum monochromator 

having a reciprocal dispersion of 16 A/mm. 

wavelength resolution of approximately 2 A was obtained, 

were used between the light source and the monochromator since no 

suitable materials exist which will transmit radiation below 1050 A 

(the short wavelength transmission limit of lithium fluoride). 

due to the low operating pressure of the Duoplasmatron and the small 

slit area, a pressure of lx10m4 torr was maintained in the monochromator 

chamber without the use of a differential pumping chamber between the 

light source and monochromator, When the discharge was started, the 

pressure in the monochromator decreased by a factor of two or three. 

This, apparently, is due to the intense ionization in the vicinity of 

the entrance slit impeding the flow of neutral gas through the slit into 

the monochromator. The entrance slit is at a positive potential relative 

to the baffle in the Duoplasmatron. 

The slit-assembly 

Under such conditions a 

No windows 

However, 

The ultraviolet detector was an EM1 9514B photomultiplier tube 

sensitized to vacuum ultraviolet radiation by coating its envelope with 

sodium salicylate. The quantum efficiency of this scintillator has been 

10 



measured from 2000 A down to 800 A and found to be constant, (7’ Although 

it is probable that the constancy of the quantum yield of sodium salicyl- 

ate continues in the region of our measurements down to 550 A ,  one must 

be careful in comparing the relative intensity of two lines rather widely 

separated as the efficiency of diffraction gratings in the vacuum ultra- 

violet region of the spectrum is not constant with wavelength, (8) 

Figure 4 shows the spectrum of hydrogen between 1800 A and 900 A .  

It is a typical hydrogen spectrum with the molecular continuum to longer 

wavelengths of 1650 A and the many-lined molecular spectrum to shorter 

wavelengths with the atomic lines of the Lyman series, alpha and beta, 

at 1215.7 A and 1025.7 A ,  respectively. However, it does differ from 

the spectrum produced in a hydrogen glow discharge (cold cathode type) 

in that the atomic resonance line at 1215.7 A is several times more 

intense than the most intense molecular line, usually 1608 A, As the 

arc current was varied from 0 to 0.9 amps, the light intensity increased 

almost linearly--the molecular lines increasing at a somewhat slower rate 

than the atomic lines. 

of the beam composition as a function of arc current as reported by 

This result can be correlated with the analysis 

Moak et a1.(3) who found a rather linear and more rapid increase in the. 

atomic ion content than in the molecular ion content. 

An argon spectrum from 550 A to 1100 A is shown in Figure 5. The 

arc current was 1.5 amps with 30 volts between anode and filament, As 

the arc current increased from zero, the radiation from excited neutral 

11 
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atoms increased t o  a maximum around 1 amp and then remained constant  o r  

even decreased s l i g h t l y  as the  a r c  cur ren t  increased f u r t h e r ;  however, 

the  r a d i a t i o n  from the  s ing ly  and doubly ionized atoms continued t o  

increase.  A t  3 amps the  879.6 A and 878.7 A l i n e s  of AI11 were a 

f a c t o r  of f i v e  more in tense  than shown i n  Figure 5 ,  whereas the  AI1 

series increased by only a f a c t o r  of two. 

was indica ted  by r a d i a t i o n  from atomic n i t rogen  and oxygen. 

The presence of an a i r  leak 

That t he  magnetic f i e l d  confines the  discharge t o  a very in t ense  

r a d i a t i n g  plasma along the  axis is  evidenced by the  f a c t  t h a t  i f  the  

ceramic magnets are removed one by one, the l i g h t  i n t e n s i t y  decreases 

r a p i d l y  t o  the po in t  of e s s e n t i a l l y  zero l i g h t  i n t e n s i t y  a t  zero mag- 

n e t i c  f i e l d .  

The Duoplasmatron is s u i t a b l e  as a D . C .  l i g h t  source producing 

considerable  i n t e n s i t y  i n  the  s p e c t r a l  region below 1000 A; however, 

the  r e s u l t s  presented here ,  i n  argon, are somewhat less in t ense  than 

those of a . 6  kv, 60 pps spark discharge.  By increasing the  arc d i s -  

charge cu r ren t ,  i t  appears poss ib l e  t o  increase  the  i n t e n s i t y  of the  

r ad ia t ion  t o  the  poin t  where i t  is comparable t o  t h a t  of the  high 

vol tage  pulsed discharge.  

14 
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. 
VACUUM ULTRAVIOLET LIGHT SOURCES 

J.A.R. Samson 

SUMMARY 

I. INTRODUCTION 

For high resolution spectroscopy, it is essential to use a light 

source which produces a continuous spectrum in the wavelength region of 

interest. Unfortunately, in the region below 2000 A, there are few light 

sources which produce an intense continuum. Although this is unimportant 

when photographic techniques are used as detectors, it is very important 

when photoelectric devices are used. In this discussion, we are inter- 

ested in photoelectric detectors since they provide a higher degree of 

accuracy in the measurement of absorption cross sections. Further, the 

intensity of radiation is often the important factor in photoionization 

measurements. 

Although a continuous light source is often desirable, much valuable 

work can be achieved with a line spectrum especially at the important 

solar emission lines; viz., the 1215.7 H I, 584 H e  I, and the 304 He I1 

lines. A line spectrum is often more intense than a continuum; and 

further, it is not always necessary to have a high resolution spectrometer 

to produce highly monochromatic lines since the separation of the lines 

may be one or two Angstroms. For instance, a glow discharge in helium 

produces the intense 584 A line of He I quite isolated from any neigh- 

boring lines. Therefore, a resolution of several Angstroms can still 

,3 
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produce pure 584 A radiation. It i s  also easier to assess the amount 

of scattered light present in a line spectrum than in a continuous 

spectrum and therefore easier to make corrections for it. 

Due to the great variety of experiments in vacuum ultraviolet radia- 

tion physics, no single light source would satisfy a l l  experimental 

requirements nor would it cover the wavelength range of, say, 100 A to 

2000 A. 

The intent of this present work was to study the production of 

vacuum ultraviolet radiation by a variety of methods and compare the 

relative intensity of the radiation on the same spectrometer with a 

standard slit width and grating. The spectrometer used was a McPherson 

No. 235 5 M Seya monochromator with a 1200 L/mm grating blazed for normal 

incidence at 1500 A .  At the Seya angle of incidence, 35O, this represents 

a blaze at about 1300 A. The entrance and exit slits were 50 microns wide 

with the exit slit 6 nnn high. A resolution of two Angstroms was realized 

under the above conditions. 

2 



11. CONTINUUM LIGHT SOURCES 

A. HYDROGEN CONTINUUM 

The hydrogen continuum is best produced in a D.C. glow discharge 

tube, preferably with a platinized capillary to enhance the recombination 

of atomic hydrogen, 

a relatively strong continua. A s  the pressure decreases, the intensity 

of the molecular radiation decreases whereas the intensities of the 

atomic lines increase. 

A hydrogen pressure of h mm Hg is normal to produce 

Figure 1 shows the measured hydrogen continuum from 1675 A to 

2300 A obtained from a D.C. glow discharge operated with a current of 

300 mA at 200 watts. 

lines of the intense line spectrum above 1050 A .  A lithium fluoride 

window was used in order to remove second order lines due to radiation 

of shorter wavelength than 1050 A ,  the transmission limit of lithium 

fluoride. Thus, a smooth continuum is produced from 1675 A to 2100 A .  

To extend the usefulness of the continuum to longer wavelengths, quartz 

or sapphire windows should be used since their transmission limits are 

1800 A and 1400 A ,  respectively. 

the continuum in the absence of the second order lines. Below 2000 A 

the peak radiant flux of the continuum is 1.6~10 photons/sec. For com- 

Superimposed on the continuum are the second order 

The dashed line in Figure 1 represents 

7 

parison, the intensity of the Lyman-alpha line, 1215.7 A ,  and the molecular 

band at 1608 A is given in Figure 1. 

these lines and the continuum vary with pressure. 

However, the relative intensities of 

3 
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B. RARE GAS CONTINUA 

(1) Several rare gas continua have been produced by Tanaka et al. 

covering the range 600 A to 2000 A. No estimates of the absolute fnten- 

sities are available, however, since the method of detection was by 

photographic techniques. 

Recently, Huffman et al. (2’3) at the Air Force Cambridge Research 

Laboratory successfully produced a relatively strong continuum using a 

condensed repetitive spark in purified helium, Other examples of rare 

gas (xenon, krypton, and argon) continua(4) are shown in Figure 2. 

In the present investigation, the absolute flux produced by the 

Jarrell-Ash xenon lamp was measured under the standard conditions described 

in the original report and found to be 1.5~10 

the continuum around 1670 A. 

7 photons/sec at the peak of 

C. LYMAN CONTINUUM 

The conventional source of continua below 1000 A is the Lyman 

flash tube. (5) 

tor through a narrow bore capillary, with an external gap in series to 

give a high breakdown voltage. As the power is increased, the continuum 

This is essentially an impulsive discharge from a capaci- 

extends to shorter wavelengths. Photographically, it has been observed 

down to about 200 A. Photoelectrically, the continuum is useful from the 

visible only down to approximately 1000 A. A comparison of various types 

of flash tubes has been given by Parkinson and Reeves. ( 6 )  

5 
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A t y p i c a l  spectrum obtained wi th  a Garton-type") f l a s h  tube 

1 .  i s  shown i n  F igu re  3 f o r  one, two, and four  d i s c h a r g e s ,  each d i scha rge  

l a s t i n g  about a microsecond. The spectrum w a s  obtained on a 2 M vacuum 

spec t rog raph  (McPherson No. 240) w i t h  a 600 L/mm g r a t i n g  blazed f o r  

1500 A .  The en t r ance  s l i t  was 100 p wide. 

A u s a b l e  continuum extends from the  v i s i b l e  t o  below 1200 A 

even f o r  a s i n g l e  d i scha rge .  Below 1200 A t he  continuum is  superimposed 

w i t h  an i n t e n s e  l i n e  spectrum. However, t h e  continuum i s  observed t o  go 

down t o  about 500 A ,  a t  which p o i n t  t h e  abso rp t ion  of t h e  H e  i o n i z a t i o n  

continuum s tar ts  and the  g r a t i n g  e f f i c i e n c y  f o r  normal inc idence  i s  c l o s e  

t o  ze ro .  I n  t h e  o r i g i n a l  n e g a t i v e ,  w i th  four  d i s c h a r g e s ,  l i n e s  are 

observed down t o  300 A .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e r e  i s  s u f f i c i e n t  

n e u t r a l  helium i n  t h e  Pyrex tube of t he  f l a s h  tube t o  produce a Rydberg 

series i n  a b s o r p t i o n  of t he  584.3 A H e  I series i l l u s t r a t i n g  t h e  u s e f u l -  

nes s  of t h e  continuum f o r  abso rp t ion  s t u d i e s  even i n  t h i s  s h o r t  wavelength 

r eg ion .  The presence of such h i g h l y  ionized s p e c i e s  as 0 V and 0 VI 

demonstrates  t h e  h igh  temperatures achieved i n  t h e  f l a s h  tube.  

I n  Figure 4 ,  o s c i l l o s c o p e  t r a c e s  of t h e  d i scha rge  c u r r e n t  and 

l i g h t  i n t e n s i t y  ( 5 5 5  A) as a f u n c t i o n  of t i m e  are shown. The sweep t i m e  

i s  2 p s e c / l a r g e  d i v i s i o n .  From t h e  l i g h t  ou tpu t  o sc i l l og ram,  i t  can be 

seen  t h a t  70 pe rcen t  of t he  l i g h t  i n t e n s i t y  t akes  p l a c e  w i t h i n  2 p sec. 

The f l a s h  tube appears  to be an  e x c e l l e n t  sou rce  of continuum 

r a d i a t i o n  from t h e  v i s i b l e  down t o  approximately 1000 A ,  The s h o r t  

7 
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The line spectrum is due to impurities; namely, oxygen. 
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o u t p u t  of t h e  f l a s h  tube .  
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dura t ion  of t he  l i g h t  pu lse  and the  a b i l i t y  t o  t r f g g e r  t he  d ischarge  a t  

any p r e c i s e l y  r equ i r ed  t i m e  makes t h i s  type of l i g h t  source p a r t i c u l a r l y  

s u i t a b l e  f o r  abso rp t ion  s t u d i e s  i n  such t r a n s i e n t  phenomena as found i n  

shock tube r e sea rch  and poss ib ly  i n  measuring r e a c t i o n  rates g r e a t e r  than 

1 ~1 sec. 



111. LINE EMISSION LIGHT SOURCES 

A. D.C. COLD CATHODE DISCHARGE 

I n  a co ld  cathode gas d ischarge ,  s e v e r a l  hundred v o l t s  must 

be appl ied  t o  the  e l e c t r o d e s ;  then when a f r e e  e l e c t r o n  e x i s t s  i n  the  

tube,  i t  w i l l  be acce le ra t ed  u n t i l  i t  accumulates s u f f i c i e n t  energy t o  

cause i o n i z a t i o n  i n  the  gas .  This process  m u l t i p l i e s  and a Townsend 

avalanche i s  formed. I n  order  f o r  t he  d ischarge  t o  be s e l f - s u s t a i n i n g ,  

t he  p o s i t i v e  ions  must r ece ive  enough energy t o  produce secondary e l e c -  

t rons  when they impinge on the  cathode. Thus, i n  the glow discharge  

reg ion ,  much h igher  vo l t ages  are requi red  t o  s u s t a i n  a d ischarge  than 

i n  the  arc reg ion  where the  e l e c t r o n s  are  produced by temperature 

emission from a ho t  cathode--the cathode being heated e i t h e r  by ion  

bombardment o r  by an e l e c t r i c  c u r r e n t  as i n  a ho t  f i l ament .  

A common design f o r  a co ld  cathode d ischarge  tube is t o  use  a 

water-cooled qua r t z  o r  Pyrex c a p i l l a r y  sea l ed  i n t o  a hollow cathode and 

anode by O-rings.  However, t he  p re sen t  cold cathode discharge tube w a s  

based on a design by W. Hunter(8) of t he  Naval Research Labora to r i e s .  

It d i f f e r s  from the  more convent ional  type i n  t h a t  i t  uses  a water-cooled 

cathode and al lows the  qua r t z  c a p i l l a r y  t o  run h o t  r a t h e r  than cool ing  

the  c a p i l l a r y  w i t h  a water j a c k e t .  The main advantage of t h i s  f e a t u r e  

i s  t h a t  t h e r e  i s  no danger of water e n t e r i n g  the  vacuum system should 

the  c a p i l l a r y  break.  F igure  5 shows the  genera l  s t r u c t u r e  of the  D . C .  

co ld  cathode d ischarge  lamp. This  type of l i g h t  source i s  very  s u i t a b l e  
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in exciting molecular lines and the resonance lines of atoms. The 

molecular lines can be enhanced if the capillary interior is slightly 

metallized. However, it is not so suitable in producing radiation from 

the more highly ionized atoms. 

1000 A is due mainly to highly ionized atoms, the usefulness of the glow- 

discharge lamp is mainly above 1000 A with the exception of the He I 

584 A ,  Ne 1735.8 A ,  and Ne 1743.7 A resonance lines. 

Since the source of radiation below 

Figure 6 shows a typical hydrogen spectrum recorded by the 

EM1 9514B photomultiplier sensitized to vacuum UV radiation by coating 

with sodium salicylate. 

however, the resonance lines, Lyman* and p,  can be seen. The actual 

spectral energy distribution shown here is, of course, dependent on the 

individual grating used. The absolute flux at Lyman-a was measured 

with a nitric oxide ionization chamber; and since the quantum yield of 

sodium salicylate is relatively constant between 1000 and 2000 A ,  

the photomultiplier trace gives the absolute flux of the radiation 

emanating from the exit slit. The spectral response above 1300 A is 

well known and is not reproduced here. The spectrum was taken with 

50 micron slits on a M Seya Monochromator (McPherson 235). A resolu- 

tion of about 2 A is realized. 

The spectrum is mainly due to molecular hydrogen; 

Using exactly the same parameters for the monochromator, the 

helium glow-discharge spectrum was investigated and compared to the 

intensity of the hydrogen spectrum. The spectrum is shown in Figure 7 ,  
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The important s o l a r  
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Its usefulness is in producing the He I resonance line at 584.3 A with 

considerable intensity. The second order 584 A line is more intense 

than the first order, indicating that this grating is more efficiently 

blazed in the region of 1200 A than to shorter wavelengths. 

was blazed for 1500 A at normal incidence; but for a few weak impurity 

lines, the helium spectrum below 1300 A is concentrated solely in the 

584.3 A line, The absolute photon flux at 584.3 A was obtained by assum- 

ing that the quantum yield of sodium salicylate remained constant down to 

584 A. (lo) 

The grating 

An argon spectrum was investigated and found to produce--in 

addition to the A I resonance lines at 1048 A and 1066 A--many lines of 

shorter wavelength down to 500 A. 

very similar to that produced by the Duoplasmatron, shown in Part C of 

this section. However, the intensities were at least an order of magnitude 

In fact, the spectrum below 1000 A is 

lower than that produced by the Duoplasmatron. 

flux are given below for a 270 watt glow discharge in argon operated at 

300 mA. 

Typical values of the radiant 

WavelenPth ( A 1  

1066 

1048 . 
920 

67 1 

573 

Oxinin 

A I  
A I  

A I1 
A I1 
A I1 

Flux in Photons/Sec 

3.60 x lo8 
6.30 

0.52 

0.03 

0 e 003 
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It would appear, therefore, that the glow-discharge lamp is admirably 

suited to produce the profuse hyd3ogen line spectrum from 900 to 1675 A ,  

the hydrogen continuum above 1675 A ,  and atomic resonance lines including 

the He I resonance line at 5 8 4 . 3  A and the Ne I lines at 7 3 5 . 8  A and 

743 .7  A .  For other line radiation below 1000 A ,  another type of light 

source must be used. 

B. HOT FILAMENT ARC DISCHARGE 

The use of hot filaments to provide the free electrons necessary 

to sustain a discharge in hydrogen and other gases has been described in 

the literature. (''''*) The main advantage in using a hot filament to 

produce an arc discharge appears to be due to the fact that a discharge 

current of several amperes can be created by low voltages, typically 5 0  

to 100 V. Thus, the need for a high voltage power supply is eliminated, 

On the other hand, a prime disadvantage is the need to renew the fila- 

ments periodically due to a decrease in their electron emission, However, 

with some experience this does not present a major obstacle. 

The one comparison--between the hot filament arc discharge and 

other types of discharges--that has rarely been expressed, is that of 

light intensity in the vacuum ultraviolet region and of the origin of the 

radiation; viz., molecular, atomic, neutral or ionized atoms. However, 

this is done in the present work which compares the intensity and type 

of spectrum produced by discharges excited by different methods. 

17 



The arc discharge described here is based on the design used 

by P. Hartman. (12'13) Although the arc discharge produces a strong 

hydrogen molecular spectrum, the atomic resonance line is by far the 

most intense line. 

50 micron slits, the 1216 A line produced 10" photons/sec, which is 

at least 50 percent of the total radiation between 1350 A and 1050 A .  

Further, the higher members of the Lyman series of atomic hydrogen, 

beta and gamma, appeared clearly above the weaker molecular bands. 

Using the standard & M Seya Monochromator with 

By using a mixture of hydrogen and helium in the discharge-- 

approximately 25 percent hydrogen--the radiation becomes nearly mono- 

chromatic in the Lyman-alpha line at 1216 A. Actually, the intensity 

of the atomic lines in the pure hydrogen discharge did not change appre- 

ciably when helium was added; however, the intensities of the molecular 

lines were greatly reduced. Figure 8 shows the Lyman series of atomic 

hydrogen when a hydrogen-helium mixture was used in the arc discharge. 

When a discharge in argon was studied, the argon resonance 

line at 1048 A and the 1066.7 A line appeared with good intensity 

although about an order of magnitude less intense than the hydrogen 

1216 A line. 

appeared along with many weaker lines to shorter wavelengths. Unfor- 

tunately, with argon this particular lamp would not operate properly, 

but presumably the argon lines appeared down to about 500 A as they do 

in the glow discharge. 

The resonance line of ionized argon at 919.8 A also 

If the argon lines are of usable intensity, then 

18 
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t h i s  is one of the  major advantages of t h e  ho t  f i l ament  a r c  d ischarge ,  

Normally, t o  produce r a d i a t i o n  below 1000 A of usable  i n t e n s i t y ,  one 

must use a h igh  vo l t age  spark  discharge.  

d i scharge  is t h a t  h igh  frequency e l e c t r i c a l  no i se  i s  r a d i a t e d  and t h i s  

i s  very  hard t o  s h i e l d  a g a i n s t .  

The disadvantage of t he  spark  

The ho t  f i l ament  arc d ischarge  i n  hydrogen produces an o v e r - a l l ,  

more i n t e n s e  spectrum than the  cold cathode d ischarge .  The i n t e n s i t y  r a t i o  

i s  only a f a c t o r  of two or  t h r e e ;  however, t h e  r a t i o  of atomic t o  molecular 

l i n e  i n t e n s i t i e s  i s  much g r e a t e r  f o r  the  ho t  f i l ament  arc d i scha rge ,  I n  

both types of d i scharge  us ing  a hydrogen-helium mixture ,  n e a r l y  monochro- 

matic r a d i a t i o n  a t  1216 A i s  produced. 

C. THE DUOPLASMATRON 

The Duoplasmatron w a s  developed about twelve years  ago as a 

h igh ly  e f f i c i e n t  source  of pro tons ,  

a number of v a r i a t i o n s  were designed and used as ion  o r  e l e c t r o n  sources  

f o r  such a p p l i c a t i o n s  as a c c e l e r a t o r  ion  sources  and i o n  propuls ion  

(18) devices .  (15-17) 

namely, t h a t  t he  h igh ly  concent ra ted  plasma of a Duoplasmatron poss ib ly  

would e m i t  i n t e n s e  vacuum u l t r a v i o l e t  r a d i a t i o n .  

Af t e r  i t s  p u b l i c a t i o n  ( I 4 )  i n  1956, 

A f u r t h e r  a p p l i c a t i o n  was suggested by Herzog; 

I n  t h e  s p e c t r a l  reg ion  below 1000 A convent ional  l i g h t  sources  

are of t he  h igh  vo l t age  pulsed type w i t h  t h e i r  i nhe ren t  disadvantages 

t h a t  they r a d i a t e  e l e c t r i c a l  no i se  and are d i f f i c u l t  t o  ope ra t e  a t  a 
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constant light intensity output. Thus, it is desirable to look for a 

light source which emits radiation below 1000 A of comparable intensity 

to the high voltage pulsed type but which operates from a D.C. supply. 

The hot filament type of light source falls into this category with the 

exception of light intensity. It was felt, therefore, that with the 

combination of hot filament and axial magnetic field as found in the 

Duoplasmatron that the light intensity would be comparable with the 

high voltage pulsed light sources. 

A preliminary measurement of the total intensity between 1050 A 

and 1350 A was made using a nitric oxide ion chamber with a Duoplasmatron 

which was currently being used as an ion source. The source had an anode 

opening of 0.008 inches. Using hydrogen in the Duoplasmatron with an arc 

current of 300 mA, an intensity of approximately 1OI2 photons/sec/cm2 was 

measured at a distance of 25 cm from the anode opening for the 1216 A 

Lyman-alpha line, This is based on the assumption that 50 percent of 

the ion chamber response was due to the 1216 A line--an assumption which 

is normally true for a hot filament-type hydrogen lamp. Subsequently, a 

Duoplasmatron light source was designed, built, and tested. The design 

considerations, construction, and operating principles have been dis- 

cussed in detail in the original report and are not repeated here in 

this Summary. 

1. Brief Description and Results 

The Duoplasmatron, as shown in Figure 9, has been operated 

successfully both as an ion source and as a vacuum ultraviolet light 

2 1  
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source. The extractor aperture of the Duoplasmatron ion source was 

replaced by a slit assembly 1/8 inch high by 50 microns wide. The slit- 

assembly constituted the entrance slit of a 1 /2  M Seya-type vacuum mono- 

chromator having a reciprocal dispersion of 16 A/mm. Under such conditions 

a wavelength resolution of approximately 2 A was obtained. 

used between the light source and the monochromator since no suitable mat- 

erials exist which will transmit radiation below 1050 A (the short wavelength 

transmission limit of lithium fluoride). However, due to the low operating 
-4 pressure of the Duoplasmatron and the small slit area, a pressure of 1x10 

torr was maintained in the monochromator chamber without the use of a dif- 

ferential pumping chamber between the light source and monochromator. When 

the discharge was started, the pressure in the monochromator decreased by a 

factor of two or three. This, apparently, is due to the intense ionization 

in the vicinity of the entrance slit impeding the flow of neutral gas through 

the slit into the monochromator. The entrance slit is at a positive potential 

relative to the baffle in the Duoplasmatron. 

No windows were 

The ultraviolet detector was an EM1 9514B photomultiplier 

tube sensitized to vacuum ultraviolet radiation by coating its envelope 

with sodium salicylate. 

been measured from 2000 A down to 800 A and found to be constant. 

Although it is probable that the constancy of the quantum yield of sodium 

salicylate continues in the region of our measurements down to 550 A ,  one 

must be careful in comparing the relative intensity of two lines rather 

The quantum efficiency of this scintillator has 

(10) 
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widely separa ted  as the  e f f i c i e n c y  of d i f f r a c t i o n  g r a t i n g s  i n  the  vacuum 

u l t r a v i o l e t  reg ion  of t he  spectrum is  n o t  cons tan t  w i th  wavelength,  ( 9  1 

Figure  10 shows the  spectrum of  hydrogen between 1800 A and 

900 A .  

a t  longer wavelengths than 1650 A and t h e  many-lined molecular spectrum 

a t  s h o r t e r  wavelengths than 1650 A ,  which inc lude  the  atomic l f n e s  of the 

Lyman series, a lpha  and be ta ,  a t  1215.7 A and 1025.7 A ,  r e s p e c t i v e l y o  

However, i t  does d i f f e r  from the  spectrum produced i n  a hydrogen glow- 

d ischarge  (cold cathode type)  i n  t h a t  the  atomic resonance l i n e  a t  1215.7 A 

i s  several times more i n t e n s e  than the  most i n t e n s e  molecular l i n e ,  usua3ly 

1608 A .  As t he  arc c u r r e n t  w a s  v a r i e d  from 0 t o  0.9 amps, the l i g h t  i n t e n -  

s i t y  increased  almost l i n e a r l y - - t h e  molecular l i n e s  inc reas ing  a t  a somewhat 

slower ra te  than the atomic l i n e s .  This resu l t  can be c o r r e l a t e d  w i t h  the  

a n a l y s i s  of  t he  beam composition as a func t ion  of  a r c  c u r r e n t  as r epor t ed  

by Moak e t  a l .  (I5)  who found a r a t h e r  l i n e a r  and more r a p i d  inc rease  i n  

the  atomic ion  con ten t  than i n  the  molecular ion  con ten t .  

It i s  a typical .  hydrogen spectrum wi th  the  molecular continuum 

An argon spectrum from 550 A t o  1100 A is shown i n  F igure  11. 

The a r c  c u r r e n t  was 1 .5  amps w i t h  30 v o l t s  between anode and f i l amen t .  A s  

t he  a r c  c u r r e n t  increased  from ze ro ,  t h e  r a d i a t i o n  from exc i t ed  n e u t r a l  

atoms increased  t o  a maximum around 1 amp and then remained cons t an t  o r  

even decreased s l i g h t l y  as the  a r c  c u r r e n t  increased  f u r t h e r ;  however, 

the  r a d i a t i o n  from the  s i n g l y  and doubly ion ized  atoms cont inued t o  

inc rease .  A t  3 amps the  879.6 A and 878.7 A l i n e s  of A 111 were a 
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factor of five more intense than shown in Figure 11, whereas the A I1 

series increased by only a factor of two. 

was indicated by radiation from atomic nitrogen and oxygen. 

The presence of an air leak 

That the magnetic field confines the discharge to a very 

intense radiating plasma along the axis is evidenced by the fact that 

if the ceramic magnets are removed one by one, the light intensity 

decreases rapidly to the point of essentially zero light intenslty at 

zero magnetic field. 

The Duoplasmatron is suitable as a DOC. light source 

producing considerable intensity in the spectral region below 1000 A ;  

however, for argon, these intensities are somewhat less than those of a 

6 kv, 60 pps spark discharge. By increasing the arc discharge current, 

it appears possible to increase the intensity of the radiation to the 

point where it is comparable to that of the high voltage pulsed dis- 

charge. 

D. MICROWAVE DISCHARGE 

The first reported use of microwave frequencies to excite a 

discharge for use as a spectroscopic light source was by W. F, Meggers 

at the National Bureau of Standards. (I9) He used a 110 Mc electrodeless 

discharge to excite the spectrum of HgIg8 using the green 5461 A line as 

a standard of length. Jacobsen and Harrison, studying these standard 

lamps, reported that the life and intensity of the lamps increased with 

27 



frequency in the range 10 to 3000 Mc. 

gators (21-26) have described electrodeless discharge tubes excited in a 

microwave cavity. They used a Raytheon Microtherm Generator to produce 

radiation of 2450 Mc at a power output of 125 watts, Of these, the 

first report of their use as vacuum ultraviolet light sources was by 

W ilk ins on, ‘25’26) 

spectra in air and argon down to 600 A. 

the use of a microwave discharge in hydrogen to produce the 1215.7 A 

Lyman-alpha line of atomic hydrogen for photochemical research. 

the Jarrell-Ash Company has produced the rare gas continua in a microwave 

cavity (see Section TI). These light sources apparently are based on the 

Since then, several other investi- 

Frost and McDowell ‘23’ used them to produce line 

P. Warneck ‘24’ has described 

Recently, 

( 2 5 )  researches of Wilkinson, 

The advantages of an electrodeless discharge are the absence 

of sputtered electrode material and impurities imbedded within the elec- 

trodes. The absence of sputtering prolongs the life of the windows. 

The microwave light source investigated here was simply a long 

quartz tube placed within a microwave cavity. In a hydrogen-helium mix- 

ture, the microwave discharge produces perhaps the most monochromatic 

sour,ce of L_ynantBlphg radiation. Figure 12 shows a spectrum taken with 

the hydrogen-helium mixture. 

Spectra were observed in air and argon below 1000 A ,  but these 

were very weak. It is felt that the use of a capillary of a few mm bore 

rather than the 10 mm bore used here, would provide more intensity in the 

region below 1000 A .  

, 
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IV. CONCLUSIONS 

From the foregoing discussion it appears that several light sources 

exist which produce useful continua from 3500 A to 600 A of sufficient 

intensity to measure (employing photoelectric detection techniques) 

(a> absorption cross sections of gases and crystals and (b) reflectance 

and transmittance of thin films, In addition, it appears that in most 

cases, a resolution of one Angstrom or better can be achieved. 

For photoionization measurements, it is possible to use the continua, 

especially the Hopfield continuum, if wider entrance and exit slits are 

used. The intensities are marginal, but by sacrificing resolution for 

intensity, one can still get valuable data previously unobtainable since 

the conventional high voltage spark spectrum below 1000 A has gaps between 

lines of as much as 20 A .  However, the high voltage spark light source is 

still one of the most useful sources due to its greater intensity and low 

operating pressures eliminating elaborate differential pumping. 
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THE DARK SIDE AIRGLOW OF VENUS 
N. Jonathan and G. Doherty 

SUMMARY 

I. INTRODUCTION 

Telescopic observations of Venus have shown a luminescence on the 

dark side similar to that which sometimes illuminates the whole moon 

during its first quarter. 

Recent spectroscopic measurements have reported especially strong 

emission in the region 4410 - 4400 A. ("*) The nature of the emissions 

is unestablished, but the possibility has been suggested that this 

luminescence arises as a result of the reaction between atomic oxygen 

(3 )  and carbon monoxide. 

The chemiluminescence arising from the reaction of carbon monoxide 

and atomic oxygen has been investigated by a number of workers. A brief 
I 

summary of the experimental methods and observations of Broida and 

Gaydon,(4) Clyne and Thrush,(5) and Mahan and Solo(6)  were reviewed in 

the original report. (7) It was found that the results were not self- 

consistent. 

luminescence to excited carbon dioxide molecules formed during the three- 

body reaction: 

For example, Broida and Gaydon") associated their observed 

* 
CO + 0 + M + C02 4- M. 

Clyne and Thrush(5) explained their results on the basis of a three- 

body process involving atomic oxygen, carbon monoxide and the predominant 

species for stabilization of the excited state; a rather complex mechanism 

1 



resulted, which is discussed in detail in the original report. Finally, 

Mahan and Solo(6) used a stirred reactor in the pressure range 0.56 to 

1.6 mm Hg and studied the light emission as a function of the amount 

of carbon dioxide which was produced. They propose a mechanism to 

explain their results, which involves two distinct two-body reactions 

resulting in the formation of both radiative and non-radiative carbon 

dioxide molecules. Full details of their mechanism are also given in 

( 7) the report. 

The present investigation is also concerned with a study of the 

chemiluminescence arising from the reaction of carbon monoxide and 

atomic oxygen. An experimental apparatus is employed which is similar 

to that of Mahan and Solo(6) but the measurements are performed in a 

completely different manner; the results can be considered independently. 

On the basis of results and analyses from the present investigation, 

a new mechanism is proposed which can be successfully applied to the 

present data and to those of the previously cited investigators. (4,596) 

A brief summary of the experimental procedures, results, and 

analyses are given in Sections TI, I11 and IV. 
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11. EXPERIMENTAL 

The spectral distribution of the light emission was observed using 

a Perkin-Elmer model 112 G grating spectrometer, which had a single beam, 

double pass monochromator. 

the region from 2000 A - 6000 A. 
serted in order to avoid the presence of higher orders from the grating. 

Attempts were made to record the spectrum in 

Above 3500 A, a Pyrex filter was in- 

(7) The details of the experimental procedure are given elsewhere. 

Here, only a very brief sketch of this aspect is included for com- 

pleteness. 

A block diagram of the apparatus used is shown in Figure 1. 

Molecular oxygen or a mixture of molecular oxygen and inert gas is 

passed, via a flowmeter and valve, through a microwave discharge unit. 

This partially dissociates the molecular oxygen which then enters the 

reaction vessel after first passing through the Wood's light trap. 

Purified carbon monoxide enters the reaction vessel through another 

side arm via a needle valve. 

The steady state concentration of oxygen atoms in the reaction 

vessel was measured at the end of each set of readings by the well- 

known titration method using nitrogen dioxide. 

Two methods were used to observe the light emission from the carbon 

monoxide-atomic oxygen reaction. 

spectral distribution; the other for obtaining the over-all light emission. 

One was employed for determining the 
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The radiation passing through the monochromator was chopped on its 

second pass using a chopping frequency of 13 cps. This avoided the 

detection of the unchopped first pass radiation since the resulting 

signal was fed into an amplifier tuned to the chopping frequency. The 

signal was detected at the exit slit of the monochromator by an E.M.I. 

number 9558B tri-alkali photomultiplier tube which was mounted in a 

specially designed light-tight housing. The spectral region between 

2000 A and 6000 A was scanned automatically. 

The over-all light emission was measured by mounting an RCA 1P21 

photomultiplier tube, inalight-tight housing, directly onto the aper- 

t w e  of the reaction cell. The resulting DC signal was fed into a 

Victoreen microammeter. Other details of this procedure are included 

elsewhere. ( 7) 
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111. RESULTS 

I 

The spectrum of the  luminescence was obta ined  between p res su re  

l i m i t s  of 0 . 5  mm and 1 . 5  mm of mercury and a t  varying flow rates  of 

oxygen, atomic oxygen and carbon monoxide. It i s  important t o  no te ,  

however, t h a t  very  c a r e f u l  p u r i f i c a t i o n  of the  carbon monoxide i s  

necessary .  We found t h a t  i f  i n s u f f i c i e n t l y  pure carbon monoxide was 

used,  then  w e  obtained a much s t ronge r  l i g h t  emission which cons i s t ed  

of a banded spectrum over ly ing  an apparent  continuum which appeared a t  

somewhat longer  wavelengths than  t h e  carbon monoxide-atomic oxygen 

continuum. 

CuCl system. 

i n  flames of burning carbon monoxide and a l s o  i n  the  cool  flame. 

The bands were r e a d i l y  i d e n t i f i e d  as t h e  emission from t h e  

It i s  t o  be noted t h a t  t hese  bands are a f requent  impuri ty  

Future  

i n v e s t i g a t o r s  should be made aware of t h i s  observa t ion .  

The experimental  program was continued us ing  t h e  pho tomul t ip l i e r  

s e tup  which was descr ibed  ea r l i e r .  

atom-carbon monoxide r e a c t i o n  was obta ined  by s u b t r a c t i o n  of background 

emission due t o  0 + N O .  The dependence of t h e  glow on t h e  concen t r a t ion  

of carbon monoxide p resen t  was i n v e s t i g a t e d .  The l i g h t  emission was 

then  p l o t t e d  as a func t ion  of t h e  carbon monoxide concen t r a t ion  ex- 

pressed i n  microns of mercury. 

l i n e a r  w i t h  an inc reas ing  carbon monoxide concent ra t ion .  

set of r e s u l t s  i s  shown i n  F igure  2 .  

The n e t  emission from t h e  oxygen 

The l i g h t  emission was found t o  be 

A t y p i c a l  

The l i g h t  emission v a r i a t i o n  as a func t ion  of atomic oxygen con- 

c e n t r a t i o n  w a s  a l s o  determined. The r e s u l t s  are g iven  i n  F igure  3 
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which shows that the light emission increases linearly with increasing 

atomic-oxygen concentration. 

The effect of changing the amount of third body present was next 

established; the results are summarized in Figure 4 ,  along with some 

extra readings. 

effect of varying amounts of the third body. 

Figure 4 gives a clear indication of the lack of 

The dependence of the light emission on the type of third body 

present was investigated. The experiments were carried out by measur- 

ing the light emission using varying amounts of carbon monoxide, and 

diluting the molecular oxygen with either helium o r  argon so that the 

inert gas was the predominant third body. 

is emitted with argon and helium than there is with oxygen as a third 

body. These results are shown graphically in Figure 5 .  

It was found that more light 
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I V .  DISCUSSION OF RESULTS 

I -  

C 

I n  the  o r i g i n a l  document, t h e  r e s u l t s  have been d iscussed  and 

i n t e r p r e t e d  i n  d e t a i l .  

t he  r e s u l t s  and i n t e r p r e t a t i o n s  of t he  works by Broida and Gaydon, 

Clyne and Thrush,(5) and Mahan and Solo. (6) Afte r  a thorough review 

of these  a u t h o r s '  works, in each in s t ance  they were s y s t e m a t i c a l l y  com- 

For t h i s  purpose, i t  was necessary  t o  inc lude  

(4) 

pared wi th  the  p re sen t  r e s u l t s .  I n  t h i s  manner, i t  was p o s s i b l e  t o  

d e r i v e  a mechanism which was s u i t a b l e  f o r  i n t e r p r e t i n g  t h e  p re sen t  

work and a t  t h e  same t i m e  could serve as a mechanism which was com- 

p a t i b l e  w i t h  t h e  d i sco rdan t  r e s u l t s  of t h e  t h r e e  prev ious ly  cited 

authors .  (4,536) 

The d e t a i l e d  arguments are n o t  repea ted  he re  s i n c e  they are 

a c c e s s i b l e  i n  t h e  f u l l  r e p o r t .  (7) However, i t  i s  important  t o  no te  

t h a t  t h e  new mechanism proposed i n  t h e  p re sen t  work is t h e  only one 

which is n o t  i n  c o n f l i c t  w i t h  a l l  t h e  experimental  observa t ions .  

In spite of the success of the present experiments, before we can 

draw any p o s i t i v e  conclusions as t o  t h e  importance of  t hese  chemi'lumi- 

nescent  r e a c t i o n s  t o  the  Venus a i rg low,  a s tudy  should be made a t  h igher  

temperatures .  I n  t h i s  r ega rd ,  i t  might be noted that  a t  room tempera- 

t u r e ,  t he  luminescence is a t  least a f a c t o r  of 2000 less than  t h e  0 + NO 

r e a c t i o n .  
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